
anti I'*. N. SI’ON LIMITED, 57 HAYMAKKET, LONDON, S.W.l. 


CHEMICAL PUBLISHING COMPANY OF N.Y. INC., 148 LAFAYETTE STREET, NEW YORK. 


ORIGINALLY 


®Ijr ^irrirtn of ®rlraraplj (Emjtmra 


FOUNDED 1871 

Incorporated by royal charter 1921 

Edited by P. F. ROWELL, Secretary 
SAVOY PLACE, VICTORIA EMBANKMENT, LONDON, W.C.2 


Telegrams: “ VOLTAMPEUE, PHONE, LONDON.” 

Vol. 83 


JULY, 1938 


Telephone: TEMPLE BAR 7676. 


No. 499 


CONTENTS. 

{The Institution is not, as a body, responsible for the opinions expressed by individual authors or speakers.) 


The Moving-Coil Voltage Regulator 


E. T. Norris 1 


A Quantitative Study of Asymmetric-Sideband Broadcasting.P. P. Eckersley 30 

Coexistent Thermal and Thermionic Fluctuations in Complex Networks. 

F. C. Williams, M.Sc.,.D.P hil. 70 

Radio Direction-Finding on Wavelengths between 6 and 10 Metres (Frequencies 50 to 30 Mc./See.). 

R. L. Smith-Rose, B.Sc., Ph.D., and LI. G. Hopkins, B.Sc., Ph.D. 87 

The Measurement of the Lateral Deviation of Radio Waves by Means of a Spaeed-Loop Direction- 

Finder .....R. H. Barfield, M.Sc., and W. Ross, M.A! 98 

Discussion on tc Electricity Demand and Price ” .... 110 

The Design of a Polarized Telegraph Relay. K. L. Jensen, Ph.D., B.Sc.(Eng.) 117 


Institution Notes , 


Advertisements ..... At end i-xii 




























FOUNDED 1871 

Incorporated by royal charter 1921 





Patron: His Majesty KING GEORGE VI. 

COUNCIL, 1937-1938. 


HM-egfDent. 

Sir George Lee, O.B.E., M.C. 
IftastHbresiOents. 


Colonel R. E. Crompton, 

C.B., F.R.S. 

Sir James Swinburne, 
Bart., F.R.S. 

Sir John Snell, G.B.E. 
Charles P. Sparks, C.B.E. 
Roger T. Smith. 

Ll. B. Atkinson. 

J. S. Highfield. 

F. Gill, O.B.E. 

A. Russell, M.A., D.Sc., 
LL.D., F.R.S. 

W. B. WOODHOUSE. 

w. H. Eccles, D.Sc., F.R.S. 


Sir Archibald Page. 
Lieut.-Col. K. Edgcumbe, 

T.D. 

Colonel Sir Thomas F. 

Purves, O.B.E. 

Clifford C. Paterson, 
O.B.E., D.Sc. 

J. M. Donaldson, M.C. 
Prof. E. W. Marciiant, D.Sc. 
P. V. Hunter, C.B.E. 
Prof. W. M. Thornton, 
O.B.E., D.Sc., D.Eng. 

J. M. Kennedy, O.B.E. 

H. T. Young. 


Sir Noel Asiibridge, B.Sc. 
(Eng.). 

J. R. Beard, M.Sc. 


l!Hce=i{>i'esfoent£3. 


A. P. M. Fleming, C.B.E. 

D.Eng., M.Sc. 

Johnstone Wright. 


Ibonoravg Creagurer. 

W. McClelland, C.B., O.B.E. 


©rbinarg filhembers of Council. 


T. E. Allibone, D.Sc., Ph.D. 
Col. A. S. Angwin, D.S.O., 
M.C. 

E. S. Byng. 

T. Carter. 

C. E. Fairburn, M.A. 


F. Forrest. 
Prof. C. L 
O.B.E., M.A, 


Fortes cue, 


P. Good. 

E. M. Lee, B.Sc. ‘ 

E. Leictk. 


©r&inarg Members of Council~(ConhW). 


S. W. Melsom. 

F. E. J. OCKENDEN. 

P. L. Riviere. 

P. J. Robinson, M.Eng. 


C. Rodgers, O.B.E., 
B.Kng. 

C. D. Taite. 

C. R. Westlaick. 

G. A. Whipple, M.A. 


B.Sc 


Chairmen anD ipagt*Cbairmcn of Xocal Centres, 


Argentine Centre: 


North Midland Centres 
J. G. Craven. 

*S. R, SlVIOUK. 


C. G. Barker. 

*H. C. Si DDK LEY. 

China Centre: 

S. Flkmons. 

*C. R. Webb. 

Irish Centre: 

Lt.-Col, K. E. Edgeworth, 
D.S.O., M.C. 

*W. Storey. 

Mersey and North Wales 
(. Liverpool) Centre: 

G. K. Baton. 

*F. E. Spencer. 

North-Eastern Centre: 

W, D. Horsley. 

*D. M. Buist. 


North-Western Centre: 
j. W. Thomas, LL.B. 

B.Sc .Tech. 

*G. L. Porter. 

Scottish Centre: 

Major II, Bell, O.B.E. 
T.D. 

*11. C. Babb. 

South Midland Centre: 

IT. Hooper. 

*E. A. Reynolds, M.A, 
Western Centre: 


H. G. Weaver. 
J. W. Spark. 

* Past-Chairman. 


H. 


Chairmen of Sections. 

Con den Turner ( Meter and Instrument), 
J- L- Eve {Transmission). 

T. Wadsworth, M.Sc. (Wireless). 


Secretary. 

P. F. Rowell. 

assistant Secretaries. 

F. W. Hewitt, M.Sc.; A. E. Rayner. 


ARGENTINE CENTRE. 

Chairman. —C. G. Barker. 

Hon. Secretary.- R. G. Parrott, Tucuman 117, Buenos 
Aires* 

CHINA CENTRE. 

Chairman. —S. Flemons. 

HWc /° Shanghai Telephone Co., 
P.O. Box 1193, Slianghai, via Siberia. 

IRISH CENTRE. 

Chairman. Lt.-Col. K. E. Edgeworth, D.S.O M C 

EAI0N ' *■ F0Sto ' College 

MERSEY AND NORTH WALES (LIVERPOOL) CENTRE. 

Chairman. —G. K. Paton. 

Hon. Secretary.—\V. Parry, M.Eng., “ Scaur,” Birkenhead 
Road, ut. Meols, Hoylake, Wirral, Cheshire. 


LOCAL CENTRES AND SUB-CENTRES. 


NORTH-EASTERN CENTRE. 

Chairman. — W. D. Horsley. 

Hon . Secretary. LI. B. Poynder, " Eastnor,” Jennie: 
Park, Newcastle-on-Tyne, (i. J 

Tees-Side Sub-Centre. 

Chairman .— J. H. Haws. 

b^rSkT 11 ' SHAW ’ " Gfcnhoime,” Boosbeck, Sa 

NORTH MIDLAND CENTRE. 

Chairman.—]. G. Craven. 

R T ' S ™ E ' *•*■(*•*■). 80. I'a: 

Sheffield Sub-Centre. 

Chairman. — W. F. C. Cooper 

H °\!TSnku: ^ Ta » to " * m « 

[Continued on page (III) of Cove 


(II) 



The Institution is not, as a body, responsible for the opinions expressed by individual 

authors or speakers 

THE JOURNAL OF 

Mmiiinttan uf <Mzdxked (Bnjjtneer* 

VOL. 83. 


THE MOVING-COIL VOLTAGE REGULATOR 

By E. T. NORRIS, Member. 

C ^Centre Tm^brulrfXef^f the ? iE ^ s !f TUTI ™ 3rd February, before the Scottish 

before the North Ireland Sub-Centre lS March, X/] K before ** Tees ' Side Sub-Centre 2nd March, and 

' SUMMARY 

The general problem of voltage regulation under load is 
leviewed and the principal technical and operating charac¬ 
teristics of existing voltage-regulators are summarized. The 
problem has not been found easy of solution, as the more 
simple devices are restricted in scope and have other 
technical limitations, whilst apparatus of more general 
application is relatively expensive and complicated. 

. A recent development is described which in principle 
involves an isolated and short-circuited coil moving up and 
down the leg of a laminated iron core over fixed coils. Smooth 
voltage variation over any desired range is obtained without 
switches, contacts, flexible leads, or windings in slots. After 
a discussion of the principal technical and constructional 
characteristics of the new regulator, the special features and 
applications of regulators are considered under the separate 
headings of voltage control (a) in transmission and distribution 
circuits, and ( b ) for industrial and laboratory purposes. 


LIST OF SYMBOLS 

v i = primary or input voltage of regulator. 

-b. = primary or input current of regulator. 

v % — secondary or output voltage of regulator. 

■^2 = secondary or output current of regulator. 

v a , Vf ): etc. — voltage of coils a, b, etc. 

I a , !{,, etc. = current in coils a, b, etc. 

In the foregoing symbols small letters represent no- 
load values and capital letters represent values with the 
regulator on load. 

N = ratio of turns in coils n and a. 

K = ratio of turns in coils 1c and b. 

=?= ratio of turns in coils b and a. 

= equivalent individual reactance of coil a. 

— equivalent individual reactance of coil 6. 

— leakage reactance between coils a-b, a-c, 
etc. 

— internal load impedance of regulator. 

= internal load resistance of regulator. 

— internal load reactance of regulator. 
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(1) INTRODUCTION 

Controlled variation and adjustment of the voltage 
in an electrical circuit is required for a large number of 
purposes, and during the last 40 years considerable 
attention has been given to the invention and develop¬ 
ment of suitable voltage-control apparatus. The general 
problem is to devise means which will give a variation 
(preferably smooth and uniform) of voltage without 
interrupting or disturbing the load current. This prob¬ 
lem is not easy of solution; it will be found that simple 
devices are limited in scope and have other technical 
[1] 1 
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disadvantages, whilst apparatus of a more general appli¬ 
cation is relatively expensive and complicated. 

Voltage variation may be required directly as a means 
of obtaining a particular value of voltage (e.g. for 
insulation-testing purposes, electrostatic field control, 
or valve grid- and anode-potential control). Voltage 
variation is required indirectly for a large number of 
industrial and laboratory purposes in the control of 
power consumption, temperature values, and many 
electrochemical and electrolytic processes. Voltage con¬ 
trol is also required in transmission and distribution 
systems to assist in the maintenance of constant voltage 
under all load conditions at consumers’ terminals. This 
last application of voltage regulators covers so wide a 
field that it is convenient to divide the consideration 
of voltage-regulator applications and the corresponding 
regulator characteristics into two branches, namely 
(a) voltage control in transmission and distribution 
circuits;- ( b ) industrial and laboratory applications. 

This division will be made later in the paper, after 
consideration has been given to general principles and 
technical characteristics. 

(2) TYPES OF VOLTAGE REGULATOR 

The term “ voltage regulator ” is commonly applied 
to two quite distinct classes of apparatus, namely 
{a) Apparatus for controlling and regulating the generator 
voltage in constant-potential systems. (Such apparatus 
usually functions by operating on the field excitation 
of the alternators.) (b) Apparatus for varying at will 
the voltage of a particular circuit or load, or for auto¬ 
matically maintaining it at or near a prescribed value, in 
either case without interrupting the flow of load current. 

The present paper deals entirely with the latter class 
of apparatus. 

The principal methods of achieving voltage variation 
in a circuit may be grouped under two headings: 
(i) Variation of impedance voltage-drop, (ii) Variation 
of induced voltage. 

The simplest example of the first group is, at first 
sight, the variable resistor or reactor connected in series 
with the load. The voltage variation obtained is deter¬ 
mined not only by the particular value of resistance 
or reactance but equally by the load-current value. 
Such devices cannot be considered true voltage-regu¬ 
lators, as their operation is not independently deter¬ 
minable but involves an external characteristic (the 
load current or impedance). Other regulators in this 
group include shunt and series capacitors, and circuits 
involving inductances with saturated iron cores. Most 
of these arrangements are subject to the same restric¬ 
tions, in that their operation is mainly dependent upon 
certain external circuit conditions. The principal 
exceptions are potentiometer-type resistors or reactors, 
and these may be considered true voltage regulators, 
although their output voltage is partly determined by 
the load current. However, although simple in con¬ 
struction, this type of regulator is limited in size and 
rating virtually to small laboratory applications. 

The second group is based on the variation of an 
electromagnetically induced voltage in a circuit, and 
includes all kinds of variable-ratio transformers. Since 
any induced voltage is proportional to the product of 


interlinking flux and interlinked turns, the variation 
may be obtained by changing either or both of these 
components. The common example of variable-turn 
regulation is on-load tap-changing gear in conjunction 
with tapped transformer or auto-transformer windings. 
This application has developed rapidly during the last 
10 years in two directions: First, voltage regulation in 
transmission and distribution circuits of all ratings 
where variations up to 20 % or so are involved (e.g. 
most of the transformers on the C.E.B. grid system are 
provided with on-load tap-changing gear for 20 % range 
of voltage control; similar gear is becoming common on 
smaller units, even down to distribution transformers). 
Secondly, voltage control up to 100 % or more in rela¬ 
tively low-power light-current circuits, permitting direct- 
connection to the bare turns of the regulating winding. 

The second alternative of flux variation may be sub¬ 
divided into variation of flux magnitude and variation 
of flux phase-displacement. The single-phase and the 

Table 1 


Principal Types of Voltage Regulator 


Principle of operation 

Typical examples 

1. Variable impedance 

(a) Variable resistance 

(b) Variable reactance 

Potentiometer-type rheostats 
Magneto voltage regulators 
Potentiometer-type reactors 

2. Variable induced 
voltage 

(a) Variable turns .. 

(b) Variable flux mag¬ 
nitude 

(c) Variable flux phase- 
displacement 

On-load tap-changing gear 

Switch-type voltage regula¬ 
tors 

Single-phase induction vol¬ 
tage-regulators 

Thtee-phase induction vol¬ 
tage-regulators 


3-phase induction regulators respectively are the best- 
known examples of these methods. 

Table 1 summarizes the voltage-regulator classification 
just described, and gives examples typical of each class. 

The best choice of voltage regulator from the existing 
types shown in Table 1 will, of course, depend upon 
operating conditions. The desirable characteristics are 
summarized in Table 2, with an indication of the most 
suitable type of regulator in each case. This Table 
also shows the characteristics and performance of the 
ideal voltage-regulator. It is incomplete in that price 
is not considered. Even a broad comparison of cost is 
difficult, as so much is dependent on local commercial 
and manufacturing conditions and upon standardization 
and production possibilities. Individual judgment of 
relative costs may be made by comparison of construc¬ 
tional features and of the basic material requirements, 
of each type of regulator. 

Whilst all of the characteristics given in the Table 
would be possessed by the ideal regulator, only a few 
may be necessary for any given application or purpose. 
For example, losses are relatively unimportant in small 
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low-power regulators for laboratory work, and in many 
cases phase displacement is immaterial. The absence 
of moving parts is given as a desirable characteristic, 
but this is in the nature of an ideal, as some motion 
seems to be practically necessary for the control of any 
independent voltage-regulator as defined earlier in this 
Section. Instantaneous operation is also an ideal. High 
operating speed is not, necessarily, the same kind of 
thing even in degree. The matter will be discussed in 
more detail in Section (6)(e). The object of Table 2 
is to facilitate assessment of the merits and demerits 
of any given voltage-regulator, including that described 
later in the paper. A critical comparison on this basis 
is given in Appendix 4. 

(3) THE MOVING-COIL VOLTAGE REGULATOR 
(a) Principle of Operation 

Although most of the desirable characteristics men¬ 
tioned in Table 2 are fulfilled by one or other existing 


Table 2 

Characteristics of Voltage Regulators 


Characteristic 

Best type of regulator, 
from Table 1 

Simplicity and reliability 


(i) No moving parts 

._ 

(ii) Isolated moving parts .. 

1(b) 

(iii) No current-breaking switches .. 

2(b), 2(c), 1(b) 

(iv) Small operating power 

2(a) 

Range of application 


(i) Wide range of voltage variation 

2(b), 2(c) 

(ii) Suitable for high voltages 

2(a) 

(iii) Suitable for heavy currents 

2(b), 2(c) 

(iv) Suitable for large kVA ratings.. 

2(a) 

T echnical features 


(i) Low magnetizing current 

2(a) 

(ii) Small load and no-load losses .. 

2(a) 

(iii) Little noise or vibration 

2(a) 

(iv) Low electromagnetic forces 

2(a) 

(v) Smooth voltage variation 

2(b), 2(c), 1(b) 

(vi) Minimum wave-form distortion 

2(a) 

(vii) Small voltage phase-displace- 

ment ., 

2(a), 2(b) 

(viii) Instantaneous operation 

(ix) No windings in slots 

1(a), 1(b), 2(a) 

(x) Ease of control . . 

2(b), 2(c) 


type of regulator, any single type falls far short of 
compliance with the whole Table. There is therefore 
scope for the development of improved and more com¬ 
prehensive apparatus. Moreover, its commercial justi¬ 
fication will be ensured by the general demand for voltage 
regulation and control. This is especially the case for 
regulators controlling transmission and distribution cir¬ 
cuits. The rapid growth during recent years of elec¬ 
tricity consumption, and particularly the domestic load, 
has accentuated the difficulty of maintaining good 
voltage regulation. The demand for automatic regu- 


IL VOLTAGE REGULATOR 

lators has increased greatly, not only as an easy means 
of curing bad cases of voltage-drop but on purely 
economic grounds to reduce capital expenditure on 
cables and substations in suburban and rural networks. 

the principle of operation* of the new regulator 
described in this paper involves an isolated and short- 
circuited coil moving up and down the leg of a laminated 




Fig. 1 .—Fundamental circuit of moving-coil regulator. 

Coils a and c are wound in the opposite direction, from coils b. 

iron core over fixed coils: hence the title “ moving-coil 
voltage regulator.” Smooth voltage variation over any 
desired range is obtained without switches, contacts, 
flexible leads, or windings in slots. The principle is 
illustrated diagrammatically in Fig. 1. The fixed coils a 
and b are connected in series across the supply mains 
and form the primary winding of the regulator. The 
moving coil c, which is short-circuited on itself and 
isolated electrically, is moved up and down the core leg 
between or over the fixed coils. The effective impedance 
of coil a depends upon the position of the moving coil c 
and will vary smoothly from a small value when c is 
adjacent to cc to a large value when c is at the remote 
end of the core leg. The impedance of coil 6 changes 
conversely in a similar manner. The voltage across the 
individual coils will depend upon their relative impe¬ 
dances and will vary from a small proportion of the 
supply voltage to a large proportion, depending upon 
the position of the moving coil. Fig. 1 shows, for 
example, that with an impedance variation of 40 : 1 
the voltage across coil a can be varied smoothly and uni¬ 
formly from 2*5 to 97-5 volts by varying the position of 
the moving coil. In actual practice a range of 0 to 100 % 
is obtained, as will be explained in the next Section. 



Fig. 2.—Type A connection. 

All coils except b are wound in the same direction. 


(b) Alternative Circuits 

The simple arrangement just described gives a fixed 
range of variations and definite voltages in relation to 
the primary voltage. Almost any desired values of 
voltage and variation can be obtained by means of 
auxiliary coils connected in series with the load and 

* British Patent Specification No. 341903—1929. 
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mounted on the regulator in close inductive relationship 
with one or both of the fixed coils a and b. These 
circuits are divided into five classes, each having its 
own particular field of application. 

(A) The regulator having only the three essentia] 



Fig. 3.—Type B connection. 

All coils except a are wound in the same direction. 

windings a, b, and c is used in conjunction with a tapped 
transformer* as shown in Fig. 2. A voltage variation 
of F 3 is obtained, and this can be made any desired 
value by suitably choosing the transformer tappings. 
This connection is chiefly used where the regulator is 
installed in conjunction with a step-up or step-down trans¬ 
former, the combination forming a self-contained unit. 

(B) The voltage variation obtained from the funda¬ 
mental circuit (Fig. 1) is stepped down by means of 
auxiliary coils j n and 7c connected in the auto-transformer 
manner as shown in Fig. 3. The voltage variation is 
from (I -f N)V 1 to (1 — K)V v where N and K are 
respectively the turn ratios of coils nja and 7c/b. This 
connection is used where relatively small variations in 
the primary voltage are required, and is therefore 
employed in regulators for automatic voltage control 
in transmission and distribution circuits. Since N and 
K are independently determinable, any desired values 
of buck and boost are obtainable. If, for example, 
boost only were required, coil 7c would be omitted. 

(C) Wider ranges of voltage variation (e.g. from zero 
to one or more times the input voltage) are given by 
an auxiliary coil 7c and an auto-transformer-connected 
coil n, as shown in Fig. 4. The voltage range is from 



Fig. 4.—Type C connection. 

Coils 6 and k are wound in the opposite direction from coils a, c, and m. 

KV-^ to (1 + N) V v the values of K and AT being, as 
before, independently determinable. This connection $ 
is used in most laboratory and industrial applications 
involving large voltage variations. 

(D) Where a large transformation ratio is required 

* British Patent Specification No. 368142—1931. 

T British Patent Specifications Nos. 341903—1929 and 368592—1931. 
t British Patent Specification No, 372493—1931. 


and the auto-transformer connection would be un¬ 
economical the auxiliary coils n and 7c are isolated from 
the regulator windings,* giving the effect of a double¬ 
wound transformer as in Fig. 5. The secondary voltage 
is variable from NV 1 to KV v Thus, in addition to 
giving the required smooth voltage variation, the 
regulator also performs the functions of a step-up or 



Fig. 5.—Type D connection. 

Coils b and Jc are wound in the opposite direction from coils a, c, and.n. 

step-down transformer (or, in the case of Type C regu¬ 
lators, of an auto-transformer). This connection is 
employed where high-voltage or heavy-current outputs 
are required, and in all cases where electrical isolation 
of the secondary circuit is necessary. 

(E) The regulator described under (A) .is used in a 
smaller formf instead of the choke coil or preventive 
auto-transformer in on-load tap-changing gear. Smooth 
voltage variation between tappings is given, and the 
rupturing duty of the tapping or transfer switches is 
greatly reduced as they do not have to break any load 
current. The life of the contacts and the time-interval 
for periodical inspection are correspondingly increased. 
This is of particular application in cases where the load 
current is relatively high and tap-changing is frequent 
(as in automatic operation). 

(F) An alternative to Type D connection for heavy 
current outputs where isolation of the secondary circuit 
is not required,, as in welding or electric-furnace work, 
is shown in Fig. 6. The auto-transformer connection 
of Type C or Type B is employed with a separate boost¬ 
ing or bucking unit.f The heavy-current windings are 
confined to the secondary circuit of this unit. 

The various connections just outlined do not affect 



Fig. 6.—Type F connection. 

Coils a, o, and s are wound in the opposite direction from b, p, and k. 

the essential windings a, b, and c, or the general struc¬ 
ture of the regulator and its mechanical operation. 
The. electrical isolation of the moving parts and the 
elimination of flexible leads and sliding contacts have 
been achieved by means of the short-circuited m oving 

* British Patent Specification No. 341903—1929. 

T British Patent Specification No. 340538—1929. 
f British Patent Specification No. 438791—1934. 






NORRIS: THE MOVING-COIL VOLTAGE REGULATOR 


5 


coil and by the provision of separate fixed coils where 
buck and boost are required. In the ordinary induction 
regulator the same winding serves for both buck and 
boost through reversal of its induced e.m.f. by rotation 
of the rotor. In comparison, the additional coils in 
the moving-coil regulator are an extra cost and increase 
the relative proportions of copper to iron material. On 
the other hand, all the windings are single circular coils 
of the ordinary transformer type and are free from the 
labour cost and design limitations of windings in slots, 
e.g. magnetic tooth-locking, pole and phase pitch rela¬ 
tions, and slot insulation.* Moreover, almost any 
desired values of boost and buck independently may be 
obtained by suitable choice of the auxiliary-coil ratios, 
permitting, in some cases, the elimination of step-up or 
step-down transformers. 

In considering the principle of operation and its 
application, it should be borne in mind that the novelty 
of the new regulator lies not in an electromagnetic 
arrangement of cores and coils whereby movement of 
a core or coil (whether linear or angular) varies an 
induced voltage and thereby permits voltage regulation. 
Many such regulators have been devised in the past. 
The problem is to produce an economical and practical 
device which will be simple in construction and at the 
same time be reasonably efficient and meet satisfactorily 
as many as possible of the requirements of Table 2. 

(4) ANALYSIS OF TECHNICAL CHARACTERISTICS 
(a) Voltage Ratio and Range 

For any given position of the moving coil the external 
technical performance of the regulator can be expressed 
in standard transformer terms, and the same vector 
diagram may be used. This analogy simplifies con¬ 
sideration of the regulator to engineers familiar with 
power-transformer performance. 

The principal technical characteristics of the regu¬ 
lator are determined by the leakage impedances between 
the windings a, b, and c. Two of these values, ao and 
be, are dependent upon the position of the moving coil c. 

For the simple connection shown in Fig. 1 the. ratio 
of secondary voltage to primary voltage at no load is, 
from Appendix 1, 

v a __dc — be + ab . . 

2ab 

If, for example, in the minimum-voltage position 
[Fig. 1(a)] the impedance ae is negligible in comparison 
with ab, and if be — ab (both assumptions being approxi¬ 
mately correct), the secondary voltage v a will be zero. 
Similarly, with the moving coil in the maximum-voltage 
position [Fig. 1(5)], if be is negligible and ae is equal 
to ab the secondary voltage % will be equal to the 
primary voltage. The total voltage range of the regu¬ 
lator will then be approximately 100 %. In the case 
of the concentric-winding construction to be described 
in the next Section a voltage range of 100 % or more 
is actually obtainable, as the end-position conditions 
can be so designed that the relation 

5c — ae ]> ab 

* E. F. Gehrkkns: “ The Induction Voltage Regulator ” (New York, 1923), 
V- 31. 


holds for the minimum-voltage position and 

ae — be ]> ab 

holds for the maximum-voltage position. Formula (9) 
shows that this will result in the voltage ratio ranging 
from zero or a negative value to 100 % or more. For 



0-25 _ 0-5 075 _ 1-0 

Minimum-voltage Position of moving coil Maximum-voltage 

position position 

Fig. 7.—No-load voltage ratio of moving-coil regulator. 

intermediate positions of the moving coil the voltage 
ratio will be dependent upon the relative values of the 
impedances ae and 6c. The resulting no-load ratio 
calculated from (9) for a typical case is given in Fig. 7. 
Such curves show that the voltage varies practically 
linearly with the position of the moving coil. 

(b) Technical Formulae 

The magnetizing current is determined by the no-load 
impedance of windings a and 6. Formula (7) (see 
Appendix 1) shows that for equal turns in both coils 
this impedance is equal to ab. Since the impedance ab 
is unaffected by the position of the moving coil, the 
magnetizing current of the regulator is constant for all 
positions and is determined solely by the fixed windings 



1-0 0-9 0-8 07 0-6 0-5 0/4 

Load power factor (lagging) 


Fig. 8.—Effect of load power factor on regulator voltage 

boost. 

a and 6. The moving coil could in fact be open-circuited 
or removed without noticeable effect. The no-load 
current differs from the corresponding transformer 
exciting current in that its wave-form is practically 
sinusoidal because the greater part of the magnetic 
circuit is air path. 
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The internal impedance of the regulator to load 
curxent is the leakage impedance of the auxiliary boost¬ 
ing and bucking coils plus the impedance of the main 
regulating windings, as given in formula (13) (see 
Appendix 2). The internal impedance value is not 
usually of importance, but in special cases, such as 


where na and leb are the leakage impedances between 
coils n/a and k/b respectively. 

The current in the primary windings a and b is 

■r . , Vo — v lT 

la = 1 + % .... (14) 



Fig. 9.— Regulator vector diagram: maximum-voltage position. 

(a) No load. ( b) Unity power factor load, (c) Load power factor 0-8 lagging. 


those referred to in Section (7), particularly high or low 
values of impedance may be obtained by suitable choice 
of coil arrangement and proportions in the same way 
as in ordinary static transformers. It is usual to design 
regulators so that the specified voltage-range or boost 
is given under full-load conditions, irrespective of the 
regulator impedance voltage-drop. A typical example 
of the effect of this impedance on the output voltage is 
shown in Fig. 8, for a Type B regulator of 10 % nominal 
boost. 

Formulae giving the current and voltage values in 
any winding for any position of the moving coil and for 
any loading conditions are derived in Appendix 2. 
Experimental confirmation of the formulae is given in 


This is the same as for an ordinary auto-transformer of 
ratio v 2 lv r The primary current is given by 

I; i = 1 + .(15) 

which is again the same as for an ordinary auto-trans¬ 
former. These equations show that for any position 
of the moving coil the regulator behaves like a static 
auto-transformer having a no-load voltage ratio corre¬ 
sponding to that particular position. 

The current in the moving coil is, from formula (16) 
(see Appendix 2), (N -f K)I Z . Coils a and b are con¬ 
nected in series opposition so that their individual 



Fig. 10. Regulator vector diagram: neutral position. 

(a) No load, (b) Unity power factor load, (e) Load power factor 0 - S lagging. 


Appendix 3. For the Type B regulator with boosting 
and bucking coils n and 7c, as in Fig. 3, the no-load 
output voltage is 

v 2 = v ± + Nv a - Kvb * . . . (10) 

where N and K are the turn ratios of coils nja and lc[b 
respectively. 

The output voltage at a load current I 2 is 

V 2 = V 2 — [Z S {N + K) 2 + na + /c&]l 2 . (13) 

* Heavy-face type indicates vector quantities. 


reactions on the moving.coil are neutralized. As a 
result the current in the short-circuited coil for any 
regulator position is zero at no load and is proportional 
to the load current and in phase with it under all loading 
conditions. Short-circuited coils are frequently asso¬ 
ciated with heavy low-power-factor circulating currents 
which might be expected to result in a large regulator 
magnetizing current, or reactive drop. The formulae 
show that the moving coil does not have this effect. 

Formulae for connections other than Type B are 



NORRIS: THE MOVING-COIL VOLTAGE REGULATOR 


7 


developed in a similar manner. Appendix 2 shows the 
modifications required. 

The effects of moving-coil position, load current, and 
load power-factor, on the various current and voltage 
values are shown clearly by vector diagrams. Typical 


chosen in relation to the weights of iron and copper 
employed that the total cost of the regulator plus the 
capitalized cost of the losses is a minimum. The con¬ 
ditions here are in general the same as for ordinary 
static transformers. 



Fig. 11. —Regulator vector diagram: minimum-voltage position. 
{a) No load. (6) Unity power factor load, (c) Load power factor 0-S lagging. 


diagrams are given in Figs. 9, 10, and 11 for the maxi¬ 
mum, neutral, and minimum voltage-regulator positions 
respectively of a Type B regulator. In each case dia¬ 
grams are drawn for the regulator (i) unloaded, (ii) on 
load at unity power factor, (iii) on load at 0-8 lagging 
power-factor. In order to show clearly the vector 
relation the magnetizing-current and impedance values 
have been exaggerated, so that the diagrams do not 
represent to scale the performance of an actual regulator. 
They do, however, illustrate qualitatively the effect of 
various loading conditions and moving-coil positions. 

(c) Losses and Efficiency 

The electrical efficiency of the regulator is determined 
by iron and copper losses in the same way as in an 
ordinary transformer. The major portion of the mag¬ 
netic circuit is air, the iron serving chiefly as a surround¬ 
ing yoke or container to form a return path for the 
magnetic flux and to control its direction. The flux- 
path diagram in Fig. 12 shows that only a small portion 
of the iron circuit is run at the full flux density. Since 
this maximum value should not reach saturation the 
average density in the iron is necessarily low. 

Both load and no-load losses are dependent on current 
and flux densities and upon the weights of iron and 
copper. The losses can therefore be varied with cost 
exactly as in an ordinary transformer. In the earlier 
regulators, eddy currents both in iron and in copper 
due to stray flux caused increased losses, but these have 
been reduced by design experience and by the multi¬ 
yoke construction referred to later in the paper. The 
load losses are chiefly ohmic losses due to load currents 
in the windings. It should be noted, however, from 
the formulae in Appendix 2 that the windings do not 
all carry their equivalent full-load currents simultaneously 
for all positions of the moving coil. For example, 
formula (14) shows that in the neutral position, where 
v 2 — v v windings a and b carry no load current at all. 
For the most economical design the losses should be so 


(d) Noise and Vibration 

The neutralization of the currents in the moving coil 
resulting from the series opposition connection of the 
coils a and b referred to earlier in the paper gives a 
corresponding reduction in the electromagnetic forces. 
Moreover, the mechanical force on a coil is proportional 
to the change in reactance with movement of the coil. 
Owing to the relatively large travel of the moving coil 



Fig. 12. —Diagram showing magnetic flux distribution. 

this rate of change of reactance, and therefore the 
resulting force, is small. (In regulators involving small 
air-gaps a very small movement increasing or decreasing 
this gap causes a large change in the gap magnitude 
and in the reactance, and hence a relatively large 
mechanical force.) The net forces on the moving coil 
are in effect zero in both end positions and also near the 
middle. For intermediate positions the forces may be 
in either direction. Fig. 13 shows a typical curve. 

It is difficult to express quantitatively and in a general 
manner the mechanical forces in the moving-coil regu¬ 
lator, but a practical comparison with other types of 
regulator is furnished by considering the motor power 
required for operation. This power must be sufficient 
to drive the regulator against the worst electromagnetic 
forces that may arise under any normal loading con- 
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ditions. A later section of the paper shows that in all 
oidinary cases the moving-coil regulator is operated by 
motors of the induction-disc type, similar in principle 
to those used in driving gramophones. 

Noise and vibration in iron-cored inductive apparatus 
are due either to magnetic forces in the core or to 
electromagnetic forces between coils. In the case of the 
regulator the former are usually negligible, owing to the 
necessarily low average flux density referred to earlier 
in this Section. The chief source of noise and vibration 
is the force on the moving coil. The previous paragraph 
showed how this force is largely neutralized, and the 
resultant noise and vibration will be correspondingly 
reduced. Also, since the forces on the moving coil are 
zero at no load and increase with load depending upon 
the coil position, the actual noise and vibration will 
follow the same course. Where regulators are installed 
in residential areas in transmission and distribution net¬ 
works this characteristic is desirable, as during the night 
the load is usually small and noise emission will then 
be a minimum at a time when noise is most objectionable. 
This is in contradistinction to the ordinary transformer 



Fig. 13 .—Mechanical forces on moving coil. 

where in general the noise is mainly due to core vibration 
and therefore occurs at no load but is little affected by 
load. The regulator is not, however, noiseless, and, 
where operating conditions necessitate, special pre¬ 
cautions must be taken. 

(5) CONSTRUCTION 
(a) Winding Arrangements 

The moving-coil regulator is built, in general, on the 
same lines as ordinary static transformers. The lamin¬ 
ated iron core, coils, insulation, structural work, and 
general assembly are in accordance with standard 
transformer practice. In the original construction the 
core and coils were rectangular in shape and the coils 
were assembled in sandwich formation, as shown in 
Fig. 14(a). This arrangement was chosen because in 
the absence of manufacturing expeiience the tec hni cal 
performance could be calculated with greater certainty 
from formulae established in power-transformer design. 
However, the reactance relations between the various 
coils are relatively inefficient with this construction 
and, since the motion of the moving coil is at right 


angles to its largest dimensions, a great deal of free 
and otherwise waste space is required in the window of 
the core for this movement. These drawbacks were 
overcome by using circular coils assembled concen¬ 
trically on the core,* as shown in Fig. 14(6). To permit 
comparison of the two methods, Figs. 14(a) and 14(6) 
are drawn to scale for the same regulator rating. 

Incidentally, the use of circular coils simplifies the 
winding and insulation of the coils and results in greater 
mechanical strength. Moreover, the voltage range of 
the regulator can be increased as described in Section 4(a) 
(see also Appendix 1). Although this increase is small 
in comparison with the total voltage variation, it 
simplifies the design of the regulator and eliminates the 
need for a bucking coil to obtain zero voltage or zero 
boost. 
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(a) (b ) 

Fig. 14. —Sectional diagrams showing sandwich construction 
with rectangular coils and concentric construction with 
circular coils. 

(a) Sandwich windings. ( b ) Concentric windings. 

(b) Single-phase and Three-phase Core 
Construction 

The smaller single-phase regulators are built as shown 
in -Fig. 14(6) [a simpler construction for very small 
units will be described in Section 7(c)]. For larger sizes 
the multi-yokef construction shown in Fig. 15 is used 
to improve the magnetic flux distribution and reduce 
stray losses. The main core leg is divided into sections 
having the planes of their laminations at right angles. 
This, incidentally, gives a rigid mechanical structure 
even for relatively long legs, needing little clamping 
framework. 

The same principle is applied to the 3-phase con¬ 
struction. Three single-phase units, modified as in 
Fig. 16, are grouped in triangular formation. The 
fourth yoke of each unit can be omitted, as the 3-phase 
fluxes cancel out. The resulting space is utilized for 
mechanical operation. A rigid construction of the main 
core leg is again obtained by sectionalization in two 
planes. The 3-phase assembly is shown in section in 
Fig. 17. 

* British Patent Specification No. 438791—1934. 
t British Patent No. 438289—1934. 
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In both single-phase and 3-phase regulators the coils 
are of the disc or the multi-layer type, depending upon 
the current and voltage. Coil supports, spacers, and 
oil cooling ducts are provided where necessary, both 
mechanical and thermal design being the same as for 






Fig. 15. —Typical multi-yoke single-phase core. 


ordinary transformers. The bucking and boosting coils 
n and Jc are usually the innermost windings, with the 
primary coils a and b assembled immediately over them. 
The moving coil is earthed and mounted with mechanical 
and electrical clearances between it and the fixed coils 
and yoke sides. 




Fig. 16. —One-phase unit of multi-yoke 3-phase core. 


Cooling follows the usual practice. Small sizes may 
be air-insulated and air-cooled, but all others are oil- 
immersed in plain, tubular, or radiator tanks, depending 
upon the size. In most cases the whole of the operating 
mechanism is oil-immersed with the regulator. 


(c) Mechanical Operation 
The moving coil, clamped in two or more stainless- 
steel bands, is operated by a square-threaded shaft 
worldng on a nut attached to the coil clamps and driven 
through suitable gearing by hand or by motor. In 
single-phase units one, or in larger sizes two, of these 
shafts are employed. Three-phase regulators are driven 
by a central shaft operating all three coils. Figs. 18 
and 19 (see Plate 1, facing page 8) show typical single¬ 
phase and 3-phase constructions respectively. 

(6) VOLTAGE CONTROL IN TRANSMISSION 
AND DISTRIBUTION CIRCUITS 
(a) Special Technical Characteristics 
In general, the required range of voltage variation is 
limited to 10 % or 20 % of the declared voltage. The 
Type B connection is therefore the most economical 
and is generally used.* The actual values of buck and 



Fig. 17.— Sectional plan of 3-phase regulator, showing 
cores and coils. 

boost required will be different in each case. As ex¬ 
plained in Section 3(&), the exact values can always be 
obtained by suitable choice of the auxiliary coil ratios. 
Usually boost only is required, and in these cases the 
moving-coil regulator is of approximately half the size 
of one giving equal buck and boost; whereas with the 
induction voltage regulator, for example, the sizes would 
be the same. 

Operating conditions in transmission and distribution 
circuits involve certain special features in addition to 
the technical characteristics discussed generally in 
Section (4). The most important of these is perhaps 
the ability of the regulator to withstand the mechanical 
and thermal stresses resulting from short-circuits on the 
supply system, particularly when the fault current is 
not safely limited by generating-plant capacity. Voltage 
regulators in general, being auto-transformer-connected 
devices with series windings, are subjected to the most 
severe stresses. The position has been summed up thus: 
“ The feeder voltage regulator is more liable to injury 
both mechanically and electrically and more likely to 

* In cases where a regulator and transformer are installed together and it 
is convenient to combine them into a single unit, as described in Section 3(o), 
the Type A connection may, however, be preferable. 
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cause damage to the station than any other apparatus. 
It is impracticable to design it with the same factor of 
safety as is feasible with other series devices. The 
short-circuit current must therefore be limited ... by 
properly-designed current-limiting reactors.”* 

The electromagnetic forces in the moving-coil regu¬ 
lator are reduced by two factors discussed in Section (4). 
Calculated values show a mechanical strength sufficient 
to withstand severe short-circuits without the need for 
current-limiting reactors. In confirmation of these 
values full-scale tests were carried out on a standard 
distribution regulatorf in which short-circuit currents 
up to 77 times full load were obtained by over-exciting 
the regulator. Fig. 20 shows a typical oscillogram. 
Such currents were more than could occur in practice 
in a power supply circuit of infinite generating-plant 
capacity. The mechanical stresses are relatively more 
for regulators of larger rating but are not, as yet, one 
of the limiting factors in design. 

(b) Interconnection and Parallel Operation 

In installations involving interconnection, tie-lines 
between power stations, or parallel operation, voltage 



Fig. 20.—Oscillograms of current and voltage in short- 

circuit test. 

The unmarked curve shows the normal full-load current to the same scale 
as the short-circuit current. 

phase-displacement in the regulator is of importance. 
This displacement is the phase angle between the in¬ 
coming and outgoing voltages, independent of load and 
usually due either to internal connections or to the 
inherent characteristics of the apparatus. Ordinary 
transformers connected delta/star, for example, have a 
voltage phase-displacement of 30°. A 3-phase induction 
regulator for ± 10 % voltage variation has a voltage 
phase-displacement of 6° in the neutral position. For¬ 
mula (10) and the vector diagrams in Figs. 9(a), 10(a), 
and 11(a) show that neither single-phase nor 3-phase 
moving-coil regulators have any voltage phase-displace¬ 
ment in any regulator position. They are therefore 
suitable for use in interconnectors and for the control 
of voltage, load distribution, or power factor. Inter- 
connectors up to 10 000 kVA capacity are being regulated 
in this manner. 

Where parallel operation is required the regulators 
are coupled either mechanically or, more often, by 
electrical control. The automatic gear described in 

* E. F. Gehrkens: “The Induction Voltage Regulator,”p. 439. 
t Electrician, 1935, vol. 114, p. 528. 


Section (6 )(d) is employed, with the addition of a coupling 
relay. Regulators connected ifi parallel must, of course, 
have appropriate internal impedance values in the same 
way as ordinary transformers. Similarly where regu¬ 
lated feeders are operated in parallel with unregulated 
feeders the combined impedance of regulator and feeder 
must be considered. 

(c) Three-phase Winding Connections 

For use in 3-phase circuits either delta or star connec¬ 
tion is permissible, or alternatively two single-phase 
regulators may be connected in open delta. Star con¬ 
nection is the most common in this country. Conditions 
determining the best connection for any given case are, 
in general, the same as for ordinary static auto-trans¬ 
formers or for single-phase and twin 3-phase induction 
regulators.* 

The 3-phase star-connected regulator consists virtually 
of three single-phase units and, as regards its phase 
voltages, behaves like a shell-type transformer or a 
bank of single-phase auto-transformers. It is not, there¬ 
fore, possible to use the neutral point of the regulator 
for loading purposes. In all cases where a 3-phase star- 
connected regulator is used in a 4-wire circuit and there 
is any possibility of unbalanced loading it is essential 
to connect the neutral point of the regulator to the 
system neutral and, if necessary, to provide intercon¬ 
nected-star static balancers to take care of unbalanced 
loads. 

(d) Remote and Automatic Control 

All regulators controlling the voltage in distribution 
circuits should be automatically operated. Even where 
regulation is effected by on-load tap-changing gear on 
the substation transformers the changing of tappings by 
hand is impracticable. Manual operation was foxmerly 
employed on account of the complication and expense 
of automatic control gear. It is, indeed, this complica¬ 
tion and expense which has seriously restricted the use 
of automatic regulation in distribution circuits, particu¬ 
larly among rural supply authorities with limited staffs 
and scattered networks. The widespread installation 
of regulators may be justified on both technical and 
economic grounds by increase in revenuef and by the 
reduction of capital expenditure on cables, lines, and 
substations; J but the automatic control gear must be 
reliable and reasonable in cost and, as an ideal, it should 
not require periodical maintenance and attention. 

For the larger installations, including high-voltage 
transmission circuits, regulators of the on-load tap- 
changing-gear type, either fitted to the main step-up 
or step-down transformers, or as separate boosters, have 
commonly been employed with manual operation or 
remote electrical control. Modern practice, however, 
is tending towards automatic operation for even the 
largest sizes.§ The resulting greatly increased frequency 

* W. E. M. AYREs:“The Application of the Induction Voltage Regulator,” 
Journal I.E.E., 1931, vol. 69, p. 1208. 

f F. S.-Naylor: “Loss of Revenue on Heating and Lighting Loads due 
to Poor Voltage Regulation,” ibid., 1936, vol. 79, p. 33. 

t A. C. MacQueen: “Voltage Regulation on the L.T. A.C. Network,” 
Electrical Power Engineer, 1936, vol. 18, p. 717. 

§ W. Kidd and J. L. Carr: “ Application of Automatic Voltage and Switch 
Control to Electrical Distribution Systems,” Journal I.E.E., 1934, vol, 74, 
p, 285, 
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of operation has emphasized the advantages of regulators 
giving a smooth voltage variation with no wear of switch 
contacts. Moreover, with the moving-coil voltage 
regulator both fully automatic and remote electrical 
control are simpler than with on-load tap-changing gear, 
as it is not necessary to ensure operation in specified 
steps. 

Remote electrical operation of the moving-coil regu¬ 
lator requires relatively small power owing to the low 
mechanical forces referred to earlier in this Section. 
For all ordinary cases motors of the induction-disc 
split-phase type, similar in principle to many gramo¬ 
phone motors, are sufficiently powerful. The driving 
element consists of two iron-cored coils mounted on 
either side of a rotating copper disc. The phase dis¬ 
placement is obtained either by connecting a condenser 
in series with one of the coils or, in some 3-phase circuits, 
by connecting the coils between appropriate phases and 
neutral. Flux interactions in the rotor provide the 
driving torque. The motor runs at a low speed (about 
150 r.p.m.), so that little mechanical reduction gearing 
is required. One or more of these motors are mounted 
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Fig. 21 .—Induction-disc motor circuit and control. 

with the shafts vertical and drive the square-thread 
operating shaft described in Section 5(c) through a 
single spur gear. The comparative inefficiency of this 
class of motor is not objectionable for such small ratings, 
particularly as the motor is run intermittently and for 
short periods. Moreover, to offset its inefficiency it has 
peculiar advantages for this type of work. The rotor 
is a plain copper disc, which can well be run under oil. 
As most regulators are oil-cooled the motor and the 
whole of the mechanical gearing are operated under oil, 
being thereby automatically lubricated and protected 
from dirt and atmospheric conditions. The starting 
current is practically the same as the full-load running 
current, thus eliminating special starting devices, and, 
as the motor can be stalled without damage, limit 
switches and overload devices are unnecessary. The 
starting torque is high, whilst the load torque rises 
almost linearly with decreasing speed, giving stable 
operation even under widely varying loads. Finally, the 
light weight and low speed of the rotor reduce the inertia 
of the mechanism so that electromagnetic brakes, auto¬ 
matically operated when the motor is switched off, are 
not needed to prevent over-running. 

For fully automatic operation the control gear is, in 
general, the same as has just been described for remote 
electrical control, with the substitution of an automatic 
voltage relay or contact-making voltmeter for the push¬ 
button or remote-control switch. It is, however, for 
the reasons given above, most important that the whole 
control gear shall be reliable and need little, if any, 
periodical maintenance. The complete control circuit 


for the automatic operation of voltage regulators in 
general has been described elsewhere.* 

For the moving-coil regulator the simplifications per¬ 
mitted by the induction-disc motor are the same as for 
remote control, with the additional feature that since 
starting stresses are negligible there need be no limit 
to the frequency of operation of the regulator, and time- 
delay relays for this purpose are unnecessary. The 
voltage relay (which provides the automatic operation 
by closing the motor circuit whenever the voltage varies 
a prescribed amount, 1 % or less, from the normal 
value) is of the new astatic type.f The power/sensitivity 
ratio of this relay is sufficient to operate mercury switches 
direct instead of light open contacts, whilst there are 


Astatic relay 




Fig. 22.—Typical automatic control gear circuits. 

(a) Control circuit giving adjustable constant output voltage. 

(■ b ) Control circuit as (a), but with resistance compounding giving output voltage 
rising with load. 

no hold-on devices or control springs. These components 
of the ordinary voltage relay requiring maintenance and 
adjustment have thus been eliminated. 

Reversal of rotation is obtained by reversing the coils 
in either split-phase circuit. This operation normally 
requires a double-pole double-throw switch, which must 
be inserted between the voltage relay and the motor. 
However, if the coils of each split phase are suitably 
designed, reversal of rotation can be obtained by 
changing the phase connection of the condenser. With 
this arrangement starting, stopping, and direction of 
rotation, can all be controlled by a single-pole 2-way 
switch, as shown in Fig. 21. For all except the largest 
regulators the voltage-relay mercury switch serves this 
purpose and thus controls the driving motor directly. 

* H. Diggle: “The Application and Construction of Transformer On-Load 
Tap-Changing Gear,” Journal I.E.E., 1937, vol.81, p. 330, Fig. 22; also W.E. M. 
Ayres: “The Applications of the Induction Voltage Regulator,” ibid... 1931, 
vol. 69, p. 1209, Fig. Ga. 

t E. T. Norris: "The Astatic Voltage Relay," Electrician, 1936, vol. 116, 
p. 442; British Patent Specification No. 465058—1935. 
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The combination of this relay with the control circuit 
just described and the moving-coil regulator results in 
an automatic voltage regulator requiring no periodical 
maintenance or adjustment. It is suggested that the 
regulator, so far as routine inspection and exa min ation 
are concerned, should be treated exactly as an or din ary 


operation usually involved. For example, suppose load 
conditions • are such that sudden voltage-drops of short 
duration frequently occur. The higher-speed regulator 
does not affect the sudden drop in voltage, but corrects 
it more quickly. When the load causing this drop is 
removed the voltage will rise a similar amount above 



Fig. 23.—Automatic control gear components. 

(a) Ordinary voltage relay and regulator or on-load tap-changing gear. (6) Astatic voltage relay and moving-coil voltage regulator. 


static transformer of similar voltage and rating. Typical 
control circuits with and -without resistance line-drop 
compensation respectively are shown, in Fig. 22, and 
comparative component diagrams in Fig. 23. 

(e) High-Speed Operation 

It is, in general, desirable that voltage variations shall 
be corrected by the regulator as soon as they occur. 
In severe cases where sudden changes in voltage occur 
due to intermittent loads, correction should be as rapid 
as possible; but since no voltage regulator as defined 
in Section (2) is instantaneous in operation it is impos¬ 
sible to remove flicks or momentary voltage variations 
due to abrupt load-changes. The operating speed can 
he controlled over a considerable range at small cost 
by suitable motor ratings and gear ratios. Values down 
to 20 sec. or less for travel over the full voltage range 
can be obtained in this way for small regulators. If 
induction motors and control gear of the usual type are 
employed, operating times down to 10 sec. or less are 
possible. These short times are not effective for high¬ 
speed operation, however, if they are obscured by the 
use of time-lag devices. The highest operating speeds 
have been obtained by hydraulically-operated servo- 
. motors with balanced valve control. 

Where the moving-coil regulator is controlled directly 
by the motor and astatic relay the delay in actuating 
the auxiliary components shown in Fig. 23 is e limin ated 
and low operating times are possible. In one instance 
(the relay being fitted with a quick-resetting device) the 
time taken to correct a sudden change in voltage of 4 % 
was reduced to less than 1 sec. 

High operating speeds are, in general, more expensive 
and in many cases are not worth while merely in order 
to reduce the duration of a voltage-change when its 
occurrence is not prevented. High speed is indeed often 
objectionable, apart from the increased frequency of 


normal and the regulator mil then have to correct this 
second variation. The effect of the high speed of 
operation is then not merely to reduce the duration of 
a voltage-drop due to the load but to create a voltage- 
rise due to the removal of load. In other words, a 
voltage-drop is converted into a similar voltage-drop 
of shorter duration plus a voltage-rise of-the same 
duration. This conversion may well be more objection¬ 
able than the. original momentary voltage-drop. The 
condition is illustrated in Fig. 24. The full-line voltage 



Fig. 24.—Voltage diagram showing effect of high-speed 
regulator operation. 

abed = voltage without regulator. 
abedfff = voltage with regulator. 

variation abed is converted by a high-speed regulator 
into the dotted-line variation abedfg. It is desirable, 
therefore, to consider individually cases apparently 
requiring high-speed operation. 

(f) Special Structural and Housing Arrangements 

The external construction of the automatic regulator 
follows ordinary transformer practice where ground 
installation indoors or outdoors is concerned. The 
control gear is mounted in a steel box on the side of the 
regulator tank, the whole forming a self-contained unit. 
Fig. 25 (see Plate 2) shows a typical 3-phase regulator 
for an 11 000-volt 500-kVA circuit. Regulators for pole 
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or platform mounting in distribution systems also follow 
general transformer practice. The full and efficient use 
of regulators in distribution circuits, however, frequently 
demands installation in positions remote from the trans¬ 
former substation. The general tendency, in fact, is 
for automatic regulation equipment to move steadily 
nearer to the load. This tendency follows a natural 
course as, in the limit, voltage variations are only 
important at the consumer’s terminals. Voltage regu¬ 
lators installed at the substation can only handle l.t. 
voltage variations already within the limits of good 
service. Installation along the distributor permits loads 
and feeder lengths which would otherwise result in 
voltage-drops 4 to 5 times as great. Since the cost of 
regulating apparatus is small compared with the cost 
of distributors and substations, this increase in capacity 
is worth realizing. To meet these operating conditions 
a number of special constructions, which have been 
described in detail elsewhere, have been developed. 
They are briefly as follows:— 

(i) Feeder-pillar construction.* 

For installation on street pavements or in any place 
accessible to the public without fencing or additional 
protection, the tank walls being extended on two parallel 
sides to form a second compartment to house the ter¬ 
minals of the regulator, cable boxes, tank fittings such 
as oil-level gauge and position indicator, and the control 
gear. 

(ii) Street-pit construction.! 

A combination of moving-coil regulator and astatic 
relay, protection from dirt and atmospheric conditions 
being obtained by mounting the whole operating gear, 
including the relay, under oil in the regulator tank. 

(iii) House-service construction.!: 

A simplified regulator assembly economically suitable 
for controlling small individual domestic supplies and 
isolated loads; the mechanism, control gear, and struc¬ 
tural work are simplified by eliminating control-circuit 
switchgear and by mounting the relay under oil in the 
main tank, as in the street-pit construction. 

(7) INDUSTRIAL AND LABORATORY 
APPLICATIONS 

(a) Special Technical Characteristics 

This Section covers regulators for such a wide range 
of purposes that no practical limits for voltage variation 
may be set. The growth, during recent years, of auto¬ 
matically-operated manufacturing processes and treat¬ 
ments has extended the application of voltage regulators 
for controlling indirectly power consumption, tempera¬ 
ture values, and many electrochemical and electrolytic 
technical characteristics. In general, the range of 
voltage variation will be large, and the Types C and D 
regulator connections as described in Section 3(&) will 
be employed in preference to Type B. These connections 
are both suitable for voltage variations up to 100 % 
(i.e. from zero to full value) or more, and the choice 

* Electrical Times, 1936, vol. 90, p. 681. 

f Electrical Indxistrks, 1937, vol. 37, p. 385. 

J Electrician, 1937, vol. 118, p. 417. 


will be determined mainly by the transformation ratio 
required (i.e. the ratio of the maximum output voltage 
to the input voltage). Type C, being auto-transformer- 
connected, is only economically suitable for transfor¬ 
mation ratios not greatly exceeding 2, as for ordinary 
static auto-transformers. The essential function of the 
regulator is to give the required range of voltage varia¬ 
tion and not to act as a static transformer. In many 
cases, however, the necessary transformation ratio may 
economically be included in the regulator in order to 
eliminate a separate step-up or step-down transformer. 
For example, if a voltage range 230/0-500 volts is 
required, it will be cheaper to employ a regulator with 
Type C connection for this ratio rather than a regulator 
having a ratio 230/0-230 and an ordinary transformer 
of ratio 230/500 volts. If, however, the required voltage 
range is 230/0-20 volts, the Type C connection will be 
uneconomical, and the alternatives will be either Type D 
or a Type C regulator with a separate transformer of 
ratio 230/20 volts. The choice may be made on economic 
grounds, apart from the advantage in the first case of 
a single unit, and will depend upon the kVA rating and 
the relative costs of transformers and regulators. In 
all cases, however, where electrical isolation of the out¬ 
put is necessary, the Type I) connection or a separate 
double-wound transformer must be employed. 

Many industrial and laboratory applications involve 
certain special features in addition to the technical 
characteristics discussed generally in Section (4). In 
most cases where the regulators are used for testing or 
experimental work it is important, not only that the 
regulator itself shall withstand deliberate or accidental 
short-circuits on the output side, even when these are 
of frequent or routine occurrence, but also that the 
short-circuit current shall be limited to a low value to 
prevent disturbance to the supply system or damage to 
the connected apparatus. The internal impedance of 
the regulator can be increased to give almost any desired 
short-circuit current limitation by suitable winding 
proportions. 

In many applications it is important that the output 
voltage wave-form of the regulator shall be as nearly 
as possible sinusoidal. Since the major portion of the 
regulator magnetic circuit is in air, whilst in the iron 
portion the average flux density is necessarily low, as 
explained in Section 4(c), the magnetizing-current har¬ 
monics are relatively small compared with those for the 
case of an ordinary transformer, and voltage wave-form 
distortion inherent in the regulator is usually negligible. 
The output voltage will then be sinusoidal provided 
that the load is a linear circuit. In some cases, how- 
ever, the load is of such a nature that the load current 
even with sinusoidal voltage is badly distorted (mainly 
by third and fifth harmonics). The most common 
instances are loads involving closed iron magnetic cir¬ 
cuits. The internal or leakage impedance of the regu¬ 
lator acts as a linear impedance in series with the load. 
There will therefore be a non-sinusoidal voltage-drop 
across this impedance, due to the load current. This 
distorted voltage-drop subtracted from the sinusoidal 
input voltage gives a corresponding distorted output 
voltage. This kind of distortion is then directly depen¬ 
dent upon the load-current harmonics and the regulator 
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impedance. The latter can not only be reduced to a 
low value but since it can be accurately calculated the 
wave-form distortion can be predetermined for any given 
loading conditions. The most difficult cases arise where, 



Fig. 26.—Current and voltage wave-forms of cable-testing 

equipment. 

for other reasons, it is not permissible to reduce the 
regulator impedance, e.g. where a high impedance is 
required for short-circuit current limitation. These 
instances must be considered individually and a com¬ 
promise adopted. In exceptional cases where the 


wave-form at 40 kV of a testing transformer controlled 
by a 150-kVA moving-coil regulator when charging a 
length of 60-kV cable. 

The load on high-voltage testing transformers, again 
particularly in cable testing and research work, is fre¬ 
quently of low leading power-factor, requiring a large 
reactive-lcVA input. Since the magnetizing current of 
the regulator is practically sinusoidal and can be con¬ 
trolled over a wide range by suitable winding propor¬ 
tions [see formula (7) of Appendix 1], it is possible to 
increase it and utilize pt to neutralize the capacitance 
component of the load current, thus reducing the kVA 
input required and improving the power factor on the 
supply side. In one case of this kind a 250-lcVA alter¬ 
nator is used to supply up to 600 kVA of connected 
testing-transformer and cable load. Larger ratios of 
load and supply ratings are practicable. 

(b) Forms of Manual and Automatic Control 

The speed of operation of the regulator is controlled 
as described in Section (6) by suitable motor ratings 
and gear ratios. In certain cases where it is desired to 
obtain any specified voltage value by hand or remote 



expense is justified the necessary impedance may be 
retained and the load-current harmonics eliminated by 
a series of resonant shunts. 

One of the most important regulator applications 
where purity of voltage wave-form is essential is in the 
control of high-voltage testing equipments, particularly 
for ca ble testing and research work. A typical instal¬ 
lation of the moving-coil regulator for this purpose has 
been described by Dr. P. Dunsheath.* Fig. 26 is a 
reproduction, taken from his remarks at a discussion 
before The Institution, of an oscillogram showing the 

* Journal I.E.E., 1934, vol. 74, p. 397. 


electrical control as quickly as possible, multi-speed 
control is employed. Usually two speeds are sufficient 
(giving coarse and fine adjustment), and a 2-speed motor 
is satisfactory. In other cases a variable-speed gearbox 
must be used. 

Methods of operating the regulator include those 
described in the last Section, namely manual and auto¬ 
matic operation and remote electrical control. There 
are, however, a number of applications where more com¬ 
plicated methods of operation are justified. A common 
case is where a variable but specified voltage is required 
using unskilled operation, as in some installations of 
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medical and industrial apparatus. By means of a pre¬ 
setting device a pointer is turned to the required voltage. 
When the switch is closed the regulator raises the 
voltage to that value. In certain cases automatic volt¬ 
age control is added, so that the voltage is automatically 
raised to the preset value and maintained constant at 
that value regardless of supply-voltage or load variations. 

In some applications, particularly in many heat- 
treatment processes and in the control of thermionic- 
valve filaments and anode voltages, it is essential that 
the applied voltage shall be low initially and be increased 
gradually to the final value. Means are provided auto¬ 
matically to return the regulator to the minimum- 
voltage position if and when the load is removed, and 
to ensure that it can only be switched on in that position. 
A control diagram of connections typical of these appli¬ 
cations is shown in Fig. 27. Alternative automatic and 
remote electrical control using push buttons are pro¬ 
vided, with a minimum-voltage interlock in each case. 
When the regulator has raised the voltage from zero 



Eig. 29.—Cross-section of small tubular-type moving-coil 

regulator. 

to the specified value the automatic control maintains 
it constant at that value irrespective of supply-voltage 
variations. 

(c) Types of Construction 

The external construction of the regulator follows 
ordinary transformer practice. Most installations are 
fitted indoors, and in the smaller sizes natural air cooling 
and insulation are employed. As with the equipment 
described in the previous Section, where the regulators 
are oil-immersed, the operating mechanism is in general 
also placed under oil and the construction is generally 
similar to that shown in Figs. 18 and 19 (Plate 1) and 
Fig. 25 (Plate 2). A typical illustration of a small air¬ 
cooled hand-operated regulator suitable for general 
testing and laboratory work is shown in Fig. 28 (Plate 2). 

The circular windings of the regulator permit its 
economical construction in very small sizes. Regulators 
of 15-VA output have been built. In these ratings there 
are many applications where a regulator giving a smooth 
and uniform voltage variation is a convenience or luxury 
rather than a necessity, and is only permissible where 
economically attractive. A construction especially 
developed for these small ratings is shown in cross- 
section in Fig. 29. The multi-yoke construction as 


described in Section 5(b) is replaced by a cylindrical 
yoke of sheet steel, which also forms the outer case of 
the unit. The regulator is therefore self-contained and 
similar in shape to ordinary wire-wound tubular-resis¬ 
tance rheostats. Fig. 30 (Plate 2) illustrates a typical 
regulator of this construction giving 18 % voltage 
variation in a 200-VA 230-V circuit. 

(8) CONCLUSION 

The technical and constructional descriptions given 
in the paper show that whilst the moving-coil voltage 
regulator is similar in some respects to existing apparatus 
its major characteristics are distinctive both in theory 
and in construction. 

It resembles the ordinary induction regulator in 
operation, in that it varies the voltage smoothly and not 
in steps; it can be left in any position and involves no 
switches. On the other hand, the moving parts are 
isolated electrically. Moreover, in design and construc¬ 
tion it follows ordinary transformer rather than induction- 
motor practice. Since there are no windings in slots its 
limitations in regard to high voltages, heavy currents, 
and size, correspond to those for transformers of similar 
rating. Mechanical forces are low and mechanical 
clearances inherently large. This combination facili¬ 
tates construction and permits simple automatic control 
apparatus. 

Operating experience has been satisfactory and indi¬ 
cates that in comparison with apparatus hitherto avail¬ 
able the new regulator has a number of peculiarly 
advantageous characteristics and none that is seriously 
objectionable. 
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APPENDIX 1 
Theoretical Analysis 

Consider the fundamental circuit of the moving-coil 
regulator shown in Fig. 1. The equivalent reactance of 
the windings a and 6 in series in the presence of the 
short-circuited winding c may be written sufficiently 
accurately for the present purpose as 

a + 6 = ac + be ± 2 M ab 

where ac* and be are the leakage reactances between the 
windings a-c and b-c respectively and M. ab is the mutual 
reactance between windings a-b in the presence of the 
short-circuited winding c. If windings a~b are connected 
in series opposition, 

a -j- b — ac + be — 2 M a b . . . (1) 

a = ac — M a i, .. (2) 

b = be ~ • • • (3) 

* Note that ao, 6c, etc., are symbols and not the products aX b, bxc, etc. 
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The value given by formula (1) is equal (again sufficiently 
closely for the present purpose) to the leakage reactance 
ab between the windings a and b. Hence 

ab — ac -f be — 2M ab 

whence M ab = 0 • 5 (ac + be - ab) ... (4) 

Combining (4) with (2) and (3) gives 

a — 0- 5 (ac — be + ab) . . . . (5) . 

b = 0 • 5 (6c — ac 4- ab) . . . . (6) 

These equations are, incidentally, similar in form to 
the formulae for the individual-winding load reactances 
in multi-winding transformers. The actual values of 
the leakage reactances ac, be, etc., will depend upon the 
position of the moving coil c, but if these are known for 
any given position the complete performance of the 
regulator can be calculated. 

The formulae, and all others given in this paper, 
assume the same number of turns in each of the windings 
a, b, and c. If the turn ratio of windings b]a is N x then 
the effective reactance of winding b is Nf times the value 

given by formula (6). The following formulae assume 
for simplicity that = 1, but the correction can easily 
be made where necessary. The number of turns in the 
short-circuited winding c does not affect the calculations, 
but merely determines the current flowing in the moving 
coil for a given value of ampere-turns. If necessary, 
resistance can be included in the expressions for a and b, 
and these values then become vector quantities. In 
general, however, resistance may be neglected without 
serious error. 

With regard to the magnetizing current, the no-load 
impedance of the regulator is that of windings a and b 
in series opposition, and is obtained from formula (1) 
in the form:— 

No-load impedance = a -f b = ab . . (7) 

As regards the no-load voltage ratio, the simple 
diagrams in Fig, 1 show, in effect, auto-transformer con¬ 
nection of windings a and 5. The ratio of secondary 
to primary voltages is, therefore. 

No-load voltage ratio = —-— . . (8) 

a -f- b ' 

ac — be + ab , 

= — ~2ab -' fr ° m ^ and (V ■ ’ 

For the sandwich-winding construction shown in 
Fig. 14 (a) the reactance ab is approximately equal to 
(ac -f- be) for all positions of the moving coil. Formula (9) 
then becomes 

(ZO 

No-load voltage ratio = — . . . (9a) 

ab ' 

Since ac must be finite and less than ab, the mim'mnm 
voltage ratio is necessarily greater than zero and the 
maximum less than unity. 

In the concentric-winding construction shown in 
Fig. 14(5) the reactances ac and be are not bound by the 
reactance ab, and' these limitations no longer hold. If 
the design is such that 

5e )> (ab -f- ac) 


for the minimum-voltage position, the no-load ratio 
from formula (9) is zero or negative. Similarly if 

ac ^ (ab -f- 5c) 

for the maximum-voltage position, the ratio is unity or 
more. A total voltage variation of 100 % or over is 
thus obtained. 

APPENDIX 2 

Calculation of Current and Voltage Values 

In the following derivation of formulae giving the 
current and voltage values in any winding for any 
position of the moving coil and for any loading con¬ 
dition, small letters represent no-load values and capital 
letters the corresponding values on load. The symbols 
for the leakage impedances between the various windings 
have the same significance as in Appendix 1. It is 
assumed that the regulator is giving a variable output 
voltage over the desired range, the primary voltage 
remaining constant. 

For the Type B regulator with boosting and bucking 
coils n and h as shown in Fig. 3, let N and K be.the 
ratios of turns in coils n and a and in coils 7c and 5 
respectively. Then 

V n — Nv a , V n = NV a — nal 2 
Vfc = -KVb, v k = itv b + m 2 

V 2 = V x 4 Y n — V* = V 2 + NY a — KV b — (na 4 Jcb)I 2 

v 2 = Vi + Nv a -Kv b . (10) 

whence 

v 2 - V 2 = N(v a - V«) - K(v b - Y b ) + (na + 55) I 2 
But 

V x = vi = v a + v b = Y a + Y b 

Therefore v a - V a = Y b - v b 

and 

V 2 “ V 2 = (N 4 K) (v a - V«) + (na 4 U) I 2 . (11) 

The voltage drop (v a — Y a ) is due to the internal 
impedance Z s of the windings a and 5 to the load current. 
The equivalent load current is (N 4 K) I 2 due to the 
auto-transformer effect of windings n and 7c. Hence 

Va Ya — Zg (N -j- JK.) I 2 . . . (12) 

Combining formulae (11) and (12) gives 

v 2 “ V 2 = [Z, (N -f K )2 4 na 4 7c5]l 2 = ZI 2 (13) 

whence V 2 = v 2 - ZI 2 . 

The arithmetic voltage-drop for any load I 2 of power 
factor cos cj>. may be calculated from the usual trans¬ 
former-regulation formulae, where Z = E 4 jX and 
the regulation is approximately (JR cos 0 4 X sin <$)I 2 .* 
The load currents in the windings are derived as 
follows:— 

la — i 4~ ~NI 2 - ^Kl 2 

* The complete practical formulae are given in Appendix E of B.S.S. No. 

171_iQflft ** 
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where i is the no-load current in windings a and b. 
From formula (7), i = v 1 /(«6). From (10), 

i 0 = i + ^ii 2 .... (i4) 

V 1 

This is the same as for an ordinary static auto-trans¬ 
former of ratio vjv r The primary current 3^ is the 
vectorial sum of I a and I 2 , i.e. 

*i = i + rr*2.( 15 ) 

v i 

which is again the same as for an ordinary auto-trans¬ 
former of ratio v^Jv v 

The current in the short-circuited moving coil, assum¬ 
ing the same number of turns in coil c as in coils a and b, 
is 

lc = h- la + NI 2 + ia 2 = (N + K) I 2 . (16) 

Since there is no imaginary term the moving-coil 
current is in phase with the load current, is directly 
proportional to it for all positions of the moving coil, 
and is practically zero at no load. 

The load voltages across coils a and 6 are 

Vo = V a — Z s (N + i£)I 2 , from formula (4) . (17) 

V* = V, - Vo.(18) 

The corresponding no-load values v a and may be 
obtained from formula (9), and the no-load value v 2 
from (10). 

Formulae for other winding arrangements are developed 
in a similar manner. It will be found* that formulae (11) 
to (18), for example, will be correct as they stand for the 
Type D connection (shown in Fig. 5), whilst for the 
Type C connection (Fig. 4) the term (N + K) in the 
formulae should be replaced hy (1 + N — K). 

APPENDIX 3 

Experimental Confirmation of Regulator Theory 

{Received 20th October, 1937.) 

The theory and formulae developed in Appendices 1 
and 2 though not rigorously correct are sufficiently 
accurate for all practical purposes. A comparison of 
calculated and measured values is given in the following 
tests, carried out on a small experimental Type B 
regulator. All of the coil connections were brought out 
to separate terminals so that measurements could be 
made of the voltage and current in each winding. 

The no-load range of the regulator was 230/230-259 
volts (i.e. a variable boost up to 12*5 %). The coil 
arrangement is shown in Fig. 3, except that coil k is 
omitted as the voltage range involves boost only. 

The leakage impedances between the various windings 
which determine the voltage ratio (see Appendix 1) are 
calculated from the coil dimensions, using ordinary 
transformer-reactance formulae. These values, together 

* Formula (14) for l a will, however, be replaced by formula (15) as l a is the 
same as I* for this connection. 

Vol. 83. 


with the corresponding measured values, are given in 
Table 3. The equivalent impedances of each individual 
winding are. calculated from formulae (5) and (6). For 
the maximum-boost position, 

a = 0-5 (123 - 2-96 + .120) = 120-02 . . (5) 

b = 0-5 (2-96 — 123 + 120) = — 0-02 . . (6) 

For the minimum-voltage or no-boost position the 
figures are reversed, giving b = 120-02 and a — — 0-02. 

The no-load voltage ratio v a lv 1 from formula (8) 
is 120-02/120 1 -0 for the maximum boost and 

— 0-02/120^0 for the no-boost position. The impe¬ 
dance values ah, ao, and be were, in fact, so designed as 
to give zero and unity respectively for these ratios. 

The ratio N of the turns in coils n and a is 0-125, so 
that the calculated voltage ratio of the regulator from 
formula (10) is:— 

v% = 230 + (0-125 x 230) — 258-8 (maximum value) 
and 

v 2 == 230 (0-125 X 0) = 230 (minimum value) 

From formula (7) the no-load impedance is (a -f b) 
= 120 ohms, giving a calculated magnetizing current 
of 230/120 = 1-92 amp. for any position of the moving 
coil. A no-load test on the regulator with 230 volts 
applied to the primary winding gave voltages of 230 to 
259 with a magnetizing current of 1-93 amp. in each, 
case. 

In order to confirm the formulae for the load values 
of voltage and current derived in Appendix 2, the 
regulator was energized at 230 volts in the maximum- 
boost position and loaded on the .secondary or output 
side with a practically non-inductive resistance load of 
7-10 ohms, giving a load current of 36 amp. 

The resulting load currents in the windings are calcu¬ 
lated as follows:— 

From formula (14), I a = — 1-92; + — X 36j 

= — 1 • 92; + 4 ■ 52 = 4-91 amp. 

> 258*8 \ 

From formula (15), I x — — 1-92;' + f ■ ^ - X 36J 

= — 1 • 92; + 40 • 4 = 40 • 45 amp. 

The measured values were 4-95 and 40*8 amp. respec¬ 
tively. 

The current in the short-circuited moving coil, calcu¬ 
lated from formula (16), is 0-125 X 36 = 4-5 amp., 
assuming the same number of turns in coil c as in coils 
a and 6. The actual numbers of turns in coils c and a 
are 350 and 560 respectively, so that the actual current 
in coil c will be calculated at (4-5 X 560)/350 = 7-2 
amp. The measured value is 6-90 amp. 

The voltages across the two fixed coils a and b are 
given by formulae (17) and (18). The impedance Z s is 
approximately the same as the impedance be. Both 
reactance and resistance components must be con¬ 
sidered, and these are calculated at (2-08 + 2-01;') 
= 2-89 ohms. Hence, assuming unity power-factor 
load. 


2 
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V a = 230 - (2-08 + 2*01?) X 0-125 X 36 

= 220-64 - 9-05; = 220-7 
V h = 230 — 220-64 + 9-05/ = 9-36 + 9-05/ = 13-0 

The measured values were 221 and 13 volts respectively. 

The drop in output voltage due to the load is calcu¬ 
lated from formula (13). For unity power-factor load 
net is the equivalent resistance of coils n and a, calculated 
at 0 • 023 ohm. Thus 

F 2 = 258-8 — (2-08 x 0-125 2 + 0-023) X 36 

= 258*8 — 2-02 = 256-80 

The actual measured value was 257 volts. 

The calculations show that the effects of load on the 
output voltage F 2 and of excitation on the primary 
winding currents I a and are small. The design values 
of load and no-load impedances were in fact chosen 
relatively high and low respectively in order to ex¬ 
aggerate these influences, so that the measured values 
would show more clearly the component terms of 
formulae (13) to (15) as well as the total values. 


regulator described in the paper is attempted here in 
regard to the more important operating and design 
characteristics. Familiarity with the general theory 
and construction of all three types is assumed. 

The moving-coil regulator resembles the ordinary 
induction regulator in operation in that it varies the 
voltage smoothly and not in steps; it can be left in any 
position, and involves no switches; 

The induction regulator gives, inherently, values of 
buck and boost of any desired but equal magnitude by 
means of a reversible primary winding on the rotor 
supplied through flexible connections or slip-rings. The 
auxiliary coils in the moving-coil regulator permit equal 
or different values of buck and of boost. Section (3) 
of the paper shows that almost any desired range of 
voltage variation can be obtained. Moreover, the moving 
parts are isolated electrically as the moving coil is short- 
circuited on itself. 

There are, in effect, separate primary and secondary 
windings for buck and boost, and these additional coils, 
including the moving coil, are an extra cost and in 






Table 3 

Leakage Impedance between Windings of Experi¬ 
mental Regulator: Maximum-Boost Position 


Windings 

Impedance (ohms) 

Calculated 

Measured 

a~b 

118 

120 

a-c 

121 

123 

b-c 

2-89 

2-96 

a~n 

1-99 

2-08 


Calculations of the current and voltage values for 
other positions of the moving coil are carried out in a 
similar manner using the appropriate values of coil 
impedances. 


APPENDIX 4 

Critical Comparison with Some Other Types 
of Voltage Regulator 

(-Received 20 th October, 1937.) 

The principal methods of voltage regulation employed 
hitherto have been discussed briefly in Section (2) of 
the paper. The best-known types are classified in 
table 1, whilst the principal operating and technical 
characteristics of voltage regulators in general have 
been summarized in Table 2. It was stated that for 
general application most regulators were of the induced- 
voltage type in which regulation is obtained by variation 
either of the magnetic flux or of the coil turns in an 
electromagnetic circuit. The outstanding examples of 
his type are respectively induction voltage-regulators 
and tapped transformers fitted with on-load tap-changing 
gear, me. variable-ratio transformers. A brief compari¬ 
son of both these types of regulator with the moving-coil 
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copper to iron material. On the other hand, all the 
windings are single circular coils of the transformer 
type, free from the design limitations and labour cost 
of multiple windings in slots. For this reason also the 
practical and economic range of voltage and current 
ratings is greater than in the induction regulator, and 
is in fact the same as for the ordinary static transformer. 
There would seem to be no fundamental difficulty in 
building the moving-coil regulator for working voltages 
of 66 or 132 kV. 

The use of interleaved cores of plain strip laminations 
instead of slotted stampings requiring dies, and the 
elimination of the rotor and stator construction with 
small air-gaps and mechanical clearances, are manufac¬ 
turing and economic advantages. The relatively small 
mechanical forces and large travel referred to in Sec¬ 
tion (4)(d) have permitted considerable simplification in 
the control gear normally necessary for automatic 
operation. This is described in detail in Section ( 6)(d) r 
but the comparison is shown graphically in Fig. 23. 
The combination of moving-coil regulator and astatic 
relay results in a fully automatic regulator requiring no 
periodical maintenance or adjustment. Since there are 
no open switches or contacts the whole of the control 
gear including the relay can be mounted under oil in 
the regulator, as in the- street-pit and house-service 
constructions mentioned in Section (6)(/). ' 

The foregoing considerations indicate the relative 
advantages of the two types of regulator, but for the 
reasons given in Section (2) a general comparison of 
costs is not practicable. This applies also to the elec¬ 
trical efficiency, since cost and losses are inter-related. 
g n ^jT^ual cases where efficiency is important it 
should be considered with price on a capitalized basis, 
as described m Section (4)(c). 

In comparison with transformers having on-load tap- 
changmg gear the most obvious distinction is the 
e lmmation of both the current-breaking series or transfer 
switches and the off-load tapping or selector switches. ’ 
hese switches, unless of the mercury-in-glass type, 
require periodical attention and renewal. This is not, 
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in itself, either difficult or costly; but for regulators 
working in transmission and distribution systems main¬ 
tenance, and frequently even simple inspection, involves 
isolation of the regulator or transformer with, in some 
cases, interruption to the supply. The combination of 
on-load tap-changing gear and Type E moving-coil 
regulator described in Section (3)(6) partly overcomes 
these objections by relieving the switches of the duty of 
rupturing any load current. 

The smooth voltage variation given by the moving- 
coil regulator is not usually an important advantage, 
as tapping steps are seldom large enough to be objection¬ 
able; but the necessity for operating tap-changing gear 
in definite steps and ensuring that stopping in an inter¬ 
mediate position is impossible complicates the auto¬ 
matic control mechanism. The comparison in this 
respect is otherwise the same as for induction regulators, 
and is also shown typically by the diagram in Fig. 23.* 

Comparisons of electrical efficiency depend upon 


whether the on-load tap-changing gear is fitted to the 
main step-up or step-down transformers or to separate 
booster or regulating transformers. In the former case 
the additional losses due to voltage regulation are rela¬ 
tively small and, in general, are lower than the corre¬ 
sponding losses in the moving-coil regulator. In the 
latter case there are load and no-load losses in the 
regulating transformer and sometimes also in the pre¬ 
ventive auto-transformer or choke coil. The compari¬ 
son is then more even but still indefinite, as in some 
instances a simple tapped auto-transformer booster 
suffices whilst in others shunt and series transformers 
are required, and the losses vary accordingly. More¬ 
over, the inter-relation between cost and efficiency of 
both types of regulator makes comparisons impracticable 
except on a capitalized basis, as in the previous case. 
The total price thus obtained must be considered in 
conjunction with the operating characteristics just 
summarized. 


DISCUSSION BEFORE THE INSTITUTION, 3RD FEBRUARY, 1938 


Mr. A. G. Ellis: The practice of moving coils relative 
to one another for the purpose of varying voltage and 
reactance is about as old as the art of transformer design 
itself, and the title of the paper should rather be “A 
moving coil regulator.” One such form of variable 
reactor, with fixed line coils and moving short-circuited 
coils, was described by J. L. Thompson and myself in a 
paperf read before The Institution in 1918, and some 
years-later there were described in the United States j; a 
number of ways of varying the voltage. There was a 
windlass type where the windings were .wound off from 
one drum to another, and also a type of regulator some¬ 
what similar to that which the author has described, but 
differing in that it had two fixed coils and a moving coil 
connected in series with the line. It is better, of course, 
not to make the line coil the moving coil, and the author 
is quite right in making the short-circuited coil the 
moving one, as in the case of the reactors to which I 
have referred. 

With regard to the principles governing the design of 
this particular type of regulator, it will be noticed from 
Fig. 12 that the flux has to pass a very wide air-space 
between the core legs. These large gaps are not usually 
sought after by designers; they make for a rather poor 
magnetic circuit and are not generally conducive to 
economy in design. Further, stray flux is a source of 
additional loss which adds to the input current and 
increases the load loss. The author does not give any 
loss figures in the paper, but presumably these losses are 
of a higher value than in the corresponding regulating 
transformer with tappings. Perhaps he would give us 
some figures in regard to this point. The magnetizing 
current would be excessively high unless the gap was 
made as small as possible, and such a gap means a very 
tall type of design (see Fig. 18); tall, thin coils are not the 
best as regards mechanical rigidity. Designers would, 
of course, like to find some kind of circuit which would 

* Certain forms of small-capacity on-load tap-changing gear for use in 
distribution circuits have simplified automatic control—but the diagram in 
Fig. 23 is representative of general practice. 

f Journal I.E.E., 1919, vol. 57, p. 547. 

t Electric Journal, 1928, vol. 25, p. 443. 


obviate the introduction of these features, and they have 
not yet given up the quest. 

With regard to the construction of the author’s 
regulator, I should like to ask two questions regarding the 
forces on the coils. Firstly, regarding Fig. 13, why is 
the force curve not symmetrical about the centre ? 
Secondly, referring to Fig. 17, what is the magnitude 
of the forces between the coils of the three phases under 
short-circuit conditions ? 

So far as power-distribution systems are concerned, the 
application of the regulator would, I presume, be limited 
to existing feeders of not too small capacity, where 
voltage regulation is subsequently required. I should 
think that where new transformers are being put down 
at a substation it would be more economical in cost and 
better as regards efficiency to provide on-load tap- 
changers on the transformers themselves, in preference to 
a non-tapped transformer with any kind of external 
regulator. 

The problem of designing an economical and small 
automatic regulator for 5 to 10 kVA for house service is 
still unsolved. In the case of existing feeders of small 
capacity it is questionable whether a moving-coil 
regulator is a more economical proposition than a tapped 
auto-transformer with one of the simpler forms of tap¬ 
changing arrangement, e.g. mercury switches. The 
mercury-switch type of changer is not such a fearsome 
thing as Fig. 23(a) might lead one to suppose, nor is the 
arrangement shown in Fig. 23(6) so simple as it appears. 

Operating experience with on-load tap-changers, now 
extending over many years, has demonstrated that main¬ 
tenance is not a very serious factor; and the question of 
renewal of switch contacts is more imaginary than real, 
except in cases of very heavy duty. 

I would ask whether the author contemplates using 
moving-coil regulators for such conditions as the 132-kV 
substations of the grid, and, if he considers them 
practicable, whether they would be more economic. 

It is' regrettable that the question of cost is rather 
glossed over in the paper'. Such studies are the everyday 
work of the engineer; we have frequently had to make 
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them when comparing on-load tap-changers with induc¬ 
tion regulators, for example, and it should be practicable 
to compare a few typical cases as regards cost price, 
efficiency, and noise. This comparison, on the basis 
of cost, efficiency, and noise, could and should be made 
for the tapped transformer with tap-changer, the moving- 
coil regulator, and the induction regulator. Generally 
speaking, the induction regulator has a higher cost price 
and worse efficiency than an auto-regulating transformer, 
and this is one of the reasons why it has not been so 
popular in this country as in America, where very small 
induction regulators are made in quantities and used to 
a much larger extent. 

In conclusion, it is my general experience that trans¬ 
former apparatus with a large leakage flux and with any 
moving parts is more vibratory and more noisy than a 
normal transformer of the same size. In suburban instal¬ 
lations even the modest hum of a standard transformer is 
sometimes made the cause of complaint, and it is there¬ 
fore fortunate (see page 8) that the noise emitted by a 
moving-coil regulator is least in the night, when it would 
be most objectionable. 

Mr. J. K. Webb : I should like to refer briefly to the 
behaviour of the moving-coil regulator on capacitive 
loads. The problem arises in applying life tests to 
lengths of power cable, where the large capacitive kVA 
involved is a source of embarrassment. In 1934 it was 
decided to replace an existing rotary set with a regulator. 
Trouble had already been experienced with the alternator 
of this set, owing to its tendency to self-excitation on 
loads of leading power-factor, and it was thought to be a 
good idea to specify a regulator with an abnormally large 
magnetizing current, so that some of the leading kVA of 
the capacitive load might be partly neutralized by the 
lagging kVA of the regulator, the net result being a small 
leading input current. Such an arrangement is known 
to work quite well in the case of an ordinary transformer. 
Conditions in the case of the regulator, however, soon 
turned out to be quite different; under all conditions of 
load a heavy lagging input current still resulted. The 
greater proportion of the load leading-kVA appeared to 
be absorbed by the secondary series leakage-reactance, 
and also the positive regulation was so great that the coil 
had only to be moved a small fraction of its total travel 
from zero to give full voltage output. Although the 
regulator was designed for 415 volts input, in many 
instances a great reduction of input kVA resulted from 
applying only 240 volts, while full output was still 
obtained on account of the positive regulation. I appre¬ 
ciate that with the new type of concentric-coil construc¬ 
tion the leakage reactance can be considerably reduced, 
but I should like to ask the author whether such a regu¬ 
lator could now be designed with a large magnetizing 
current without necessarily increasing the leakage reac¬ 
tance, so providing an effective means of lagging- and 
leading-kVA neutralization. If this were not practicable, 

I believe that a variable choke could be designed, using 
the moving-coil principle, which might be connected in 
parallel with the capacitive load. Perhaps the author 
can suggest the best means of overcoming the difficulties 
which I have enumerated. 

Dr. W. Wilson: It seems to me that the most im¬ 
portant field for voltage regulators is in connection with 


power supply, and there the regulator has to compete 
with the on-load tap-changer to which Mr. Ellis has 
referred. It is true that the latter when first produced 
in this country was complicated, because the condition 
was laid down that once a tap-change had been started 
it must be finished, even if the power supply failed half¬ 
way through. The result was that flywheels, springs, or 
falling weights had to be provided to store up the neces¬ 
sary energy to enable the tap-change to be completed. 
Experience has shown, however, that this condition is 
not necessary, and that if the preventive choke can be 
designed with a continuous rating the flywheel or other 
storage device can be omitted. This simplifies matters 
very much. It removes the condition mentioned in the 
Appendix, which is really responsible for most of the 
complication; and the choice is then between on the one 
hand a piece of apparatus with a motor and a moving- 
coil, and on the other hand one with a motor and a 
moving contact. At first sight, at any rate, one would 
prefer the moving contact. Further, if the dim ensions 
of the two pieces of apparatus are compared, the on-load 
tap-changing transformer is of normal size, whereas the 
moving-coil apparatus has to be of larger proportions and 
rather inconvenient shape. There is no doubt that the 
on-load tap-changer has proved itself in the comparatively 
few years during which it has been in the field. 

The author suggests that it is an advantage that the 
gear is immersed in oil, since it is certain to be lubricated. 
I am not quite certain about that, at any rate so far as 
transformer oil is concerned. When I made some tests 
on a somewhat similar piece of equipment, the friction 
turned out to be unexpectedly high. A special apparatus 
was designed to test the lubricating qualities of the oil, 
and it was found that whereas when cold a transformer 
oil undoubtedly had a certain small lubricating power, 
when it was hot it acted as an anti-lubricant, i.e. there 
was more friction than there would have been if it had 
been absent. Various additions to the oil were experi¬ 
mented with, in the endeavour to make it a lubricant 
at all points in the range of temperature, but without 
any particular success. Perhaps the author can give 
some information with regard to the oil used. 

Fig. 12, which shows the flux crossing the air space, 
would seem to imply that the magnetizing current was 
fairly high, but I should like to know the value of the 
transient switching current. One of the chief diffi culties 
in the use of balanced protective gear such as the McColl 
type for a transformer of this description is the possibility 
of there being a heavy switching-in current, which pro¬ 
duces the same effect on the relays as an internal short- 
circuit, and in the past has been rather apt to trip the 
apparatus unnecessarily. . 

Finally, I should like to know how the remote signalling 
as to the voltage ratio is carried out with the author's 
moving-coil regulator. 

Mr. W. Burton : In Section (6) (a) the author says that 
in general the required range of voltage variation is 
limited to 10 % or 20 % of the declared voltage. I should 
like to point out that such a regulator cannot deal with 
more than about 10 % of the original drop, because 
immediately it is put into service the regulator itself, 
being a kind of auto-transformer, increases the current 
on the input side, and, according to the particular value 
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of step-up being dealt with, the initial drop is increased 
by the increased current. Therefore for an initial drop 
of 10 % to 12 % a regulator having a range of nearly 
20 % is necessary; thus it is undesirable to adopt a 
regulator if the drop is already over 10 %. The 20 % 
range is also needed because it is impossible to say exactly 
what is the centre point of the range being dealt with; 
for instance, on one circuit we may need to deal with 
11 000 volts ± 7j %, and on another circuit with a mid¬ 
point voltage of 11 200 volts. In addition, we may at 
times wish to raise the voltage to more than the stated 
value; thus, if the stated value is 11 000 volts, we may 
want that 11 000 volts not at the regulator output posi¬ 
tion but \ mile farther down the distributor. 

Some very reassuring figures are given in the last 
paragraph of Section (6)(a). It is astounding that about 
77 times full load may be carried by a regulator without 
damage; I do not think that the overload capacity of any 
“ on-load ” tap-changing transformer switchgear could 
compare with this. If such a short-circuit happened to 
occur just at the time the tap-changer was operating, 
I am afraid that a good deal of damage would be done. 

We have in service a number of regulators of the type 
described in the paper; they have been in service for less 
than a year, and have been very satisfactory. I must 
admit that the losses are higher than those of other 
regulators, but against this must be offset the absence of 
maintenance charges. So far we have not had to carry 
out any maintenance work, and we shall probably not 
need to; there is nothing to maintain in the equipment 
except a relay and a few very simple motors. 

I should like to join issue with the author when he says 
that high operating speeds are not necessary. One case 
in which a high speed would be very helpful is that where 
a heavily loaded feeder trips out while the boost is at a 
high value. In these circumstances it is important to 
bring down the boost rapidly to such a figure as will 
enable the feeder which has tripped out to parallel again 
with the other feeders, which in turn, as the result of 
taking over the load from the first feeder, have probably 
had their voltage reduced. 

I am not in favour of the use of small regulators such as 
have been suggested for installation in houses. I think 
that we should regulate at key points only, and that the 
field for the use of small regulators in electric supply work 
is very limited. A foreign maker—I believe it is Ganz— 
has suggested that we need correction on lighting circuits 
only, and he proposes to install lighting regulators in 
houses and not to bother about the heating and cooking 
load. Voltage regulation is perhaps less important so far 
as heating is concerned, but I am sure that it is necessary 
to have some regulation of cooking circuits if we are to 
compete with the gas interests. 

The author is in favour of installing voltage regulators 
, along the distributor; but I should like to point out that 
each regulator installed increases the current on the input 
side, and therefore the voltage drop. If several regulators 
are put along a feeder, a stage will probably be reached 
where the drop is so great that the system becomes 
unstable; it is easy to show that in the case of an over¬ 
head 0-06-sq. in: feeder, 1 mile long, carrying only about 
70 amp., that stage is reached very quickly. It may be 
said that for the standard case this does not really 


matter, but a few years ago many suppliers had a trying 
time—from the engineering point of view—when every 
consumer switched on all the heaters he could find, 
because the weather was so cold. We must cater not 
only for the average load of to-day but also for the 
emergency case. I suggest that it is much better to have 
high-voltage supplies rather than a multitude of voltage 
regulators to cater for the doubling or even trebling of 
the load, which frequently happens in a cold snap or when 
a big works is working overtime. 

Mr. J. B. Morgan: Transformer tap-changing gear is 
most reliable and fulfils its function perfectly on a trans¬ 
former which is feeding on to busbars supplying a net¬ 
work, but it is not so satisfactory as the voltage regulator 
in districts which are partly urban and partly rural and 
where the situation often exists of a substation feeding 
three or four long distributors not in any way intercon¬ 
nected, with the bulk of their load at the far end and 
carried on only one or two of the distributors. I have 
had in use for some years several voltage regulators of the 
type described by the author, and they have worked 
marvels so far as the engineer and his relations with the 
consumer are concerned. 

Where such a regulator is used on a distributor a 
balancer is necessary. I have in mind one distributor, 
0-75 mile long, fed at one end, with a load of only 30 % 
of its 1 000-amp. current rating. It was satisfactory 
while it was feeding lighting circuits only, but the advent 
of a cooker campaign speedily brought the voltage down 
from about 230 to about 210 volts, with the result that 
complaints were received from the consumers. The cure 
was applied in the shape of a balancing transformer at one 
end and a voltage regulator at a prescribed distance 
along the distributor; now, under any or all conditions 
of load we get less than 2 volts variation. 

Some distribution engineers do not fully realize the 
value of a supply voltage which remains perfectly steady 
at the declared figure. I carried out some interesting 
experiments a short time ago on the tap-changing gear of 
our grid transformers, and I found that raising or lower¬ 
ing the primary voltage by If % made a difference of 
4-rs- % in the total output. This result suggests that the 
closer we keep the voltage to the declared value the better 
it will be, not only for our pockets but also for our peace 
of mind when we are dealing with the consumer. 

Regarding the question of noise, my voltage regulators 
are mounted on the roadside and it is impossible to hear 
any noise from them at any time of the day or night. 
They have worked perfectly night and day for 2-3 years 
without any attention whatever. In the case of long 
distributors where the load is not large enough to justify 
running a high-voltage cable and putting in a trans¬ 
former, the use of such a regulator as those described in 
the paper is a valuable stop-gap. 

I have connected a balancing transformer across every 
one of my mains, whether equipped with an It. voltage 
regulator or not, because voltage curves taken on one 
main without a balancing transformer showed that I 
was getting a 19-volt drop. A balancing transformer 
brought this down to about 10 volts under all conditions 
of unbalanced load on cookers, and a voltage regulator 
reduced it to less than 2 volts. 

Mr. H. Diggle: It is of interest to note that a regulator 
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based on the principle of varying the inductances of two 
coils, connected in series across the supply voltage, was 
described in a Continental technical periodical in 1908.* 
This regulator (Fig. A) reproduces the conditions of the 
author’s Fig. 3 with the coil k omitted as it is designed to 
give boost only, but the method of variation of the 
relative inductances differs from that of the author. 

The author’s regulator should, I think, be included in 
Class 1(6) of Table 1, as in its simplest form it behaves 
exactly like an inductive potentiometer in which the 
moving coil takes the place of a sliding contact. It has 
the usual disadvantages of potentiometers in that there 
is no direct transformation effect and the no-load current 
must necessarily be chosen at a high value to avoid high 
voltage-drop on load. For example, in the regulator 
referred to in Appendix 3 the no-load current is 1 • 92 amp. 
compared with a winding full-load current of 4-52 amp., 
i.e. 42 % as compared with approximately 5 % in a 
standard transformer regulator. When the regulator is 



Fig. A 


used in auto-transformer connection to give 10 % or 
15 % boost, this is not important, but it would be of 
account in the double-wound arrangement of Fig. 5 and 
should be considered in assessing the virtues of simplicity 
of operation of the regulator. 

On page 3, reference is made to the fact that the 
reactance ratio of the coils a and 6 in the extreme positions 
of the moving coil is 40 : 1. In one of the author’s slides 
a voltage variation of 95 in one coil to 6 in the other was 
shown, however, and earlier published data indicate ratios 
of about 20 ; 1. I should be obliged if he would indicate 
whether the higher figure applies to the new arrangement 
of concentric coils. 

In some of the, patent specifications for the regulators 
described in the paper, reference is made to compensating 
coils in the sides of the middle limb of the core. No 
mention is made of these in the paper, and I should like 
to know whether they have been found unnecessary. 

The inherent regulation of the author’s regulator would 
appear to be rather poor except in the maximum- 
voltage position, and I should like to ask whether the 
regulation curve of Fig. 8 with varying lagging power 

* E. Siedek: EUktroteohnik unci Maschinenbau, 1908, vol. 26, p. 981, 


factors of load will not droop very much more in, say, the 
position of half boost. 

According to the published reference, the oscillogram 
of the short-circuit test shown in Fig. 20 applies to tests 
made only on a small single-phase regulator of about 
6 kVA physical frame size. I should like to know 
whether any similar tests have been made on a large 
3-phase regulator of the type shown in Fig. 17, and 
whether the pull between the three rather long centre 
legs has caused any damage. 

In Appendix 4 the author mentions that this type of 
regulator could be made for 132-kV circuits. What is 
the highest voltage class and largest regulator kVA—i.e. 
physical frame size—for which this type of regulator has 
been made ? 

Despite its inefficiency, the simplicity of the induction- 
disc motor warrants its use on small units, but I think it is 
carrying the idea to an extreme to put 8 or 10 such motors 
round the periphery of a large gearwheel. The conven¬ 
tional induction motor with gearing would appear to be 
the sounder engineering job, and the latter type of motor 
has to be used when rapid movement is required. When 
a large number of small motors is used, a contactor has 
to be interposed between the voltage relay and the motors 
—as witness Fig. 27—so that the comparison of Fig. 23 is 
somewhat exaggerated, as the author’s regulator will then 
have another fink in the chain. The footnote to Ap¬ 
pendix 4 shows that some small tap-changers also need 
only have three or four finks in the chain. 

Referring to Mr. Burton’s remarks on the desirability 
of quick operation of a regulator to compensate for 
sudden changes in voltage-drop due to changes in load, 
any such advantage has to be balanced against the extra 
wear and tear on the apparatus. In the discussion of my 
recent paper on “ Transformer On-Load Tap-Changing 
Gear ”* reference was made to some tests in America 
which had proved fairly conclusively that for normal 
power systems no practical advantage results from very 
rapid response of the regulator. 

While agreeing with the author that there is some 
tendency for the regulator to be put nearer to the load, 
I think this is chiefly in the case of long distributors. It 
is still generally rare in this country to have the regulating 
means nearer to the load than the distribution trans¬ 
former. Tap-changing directly on the transformer has 
the advantages of higher efficiency and of no floor space 
being required for the regulator. The tap-changer 
admittedly involves contact maintenance, but this, as the 
author points out, is not a serious matter on modern 
equipment. A method giving a smooth voltage-change 
is rarely a practical advantage over tap-changing if the 
steps are made sufficiently small. 

Mr. R. C. Mildner: The moving-coil regulator has 
certainly effected a revolution in the design of cable¬ 
testing sets, particularly for use with accelerated ageing 
tests, where the set is in continuous operation and where 
maintenance is a very serious item. 

We have used regulators of the type described in the 
paper since soon after they were introduced, and have 
had them in operation for several years under quite 
heavy loading; we have had no more trouble with them 
than one expects from a transformer. The losses with 

* Journal I.E.E., 1937, vol. SI, p. 330. 
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the later type of regulator, and particularly in the case 
of the larger units, are quite reasonable. The older type 
of construction did not permit good neutralization of the 
rather large lagging current, but the later concentric 


consist of a train of waves of continually decreasing ampli¬ 
tude, and persist for about 100 cycles (or 2 sec.). 

I should like to refer to some tests carried out on a 
500-kVA moving-coil regulator which is connected to the 



■No-load conditions: initial cycle. 


Fig. B. 

designs operate very satisfactorily; and, furthermore, the 
positive voltage regulation on capacitive load is reduced 
to a reasonable amount. 



Fig. C. —Capacitance load, 0-046 fj,F on secondary. 


6-kV mains and feeds a transformer (Test-set B) which 
steps up from 6 kV to 150 kV. Fig. B shows the initial 
wave-form and also the wave-form of a later cycle. On 



Fig. D. —Capacitance load, 0-071 yF on secondary. 


One objectionable feature of the author’s regulator 
which we have detected relates to the switching surges 
which are impressed upon the load, even when the 


no-load the switching surge consists of a double-frequency 
wave in which the alternate wave is suppressed, and 
superimposed on it is a higher-frequency oscillation of 



Fig. E. —Voltage regulation of cable test-set. 


regulators are in a position to give zero voltage on steady about 1 000 cycles per sec. As the surge progresses, the 
load. The amplitude of these surges depends upon the initial double-frequency wave is apparently reduced in 
point of the impressed voltage-wave at which contact is periodic time. What is the explanation of this ? Figs. C 
made, and also upon the nature of the load. The surges and D show the effect of increasing the capacitive load. 
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On full load the higher-frequency harmonic disappears, 
and we are left with approximately a double-frequency 
wave which extends for about 2 sec. in all. The ampli¬ 
tude of this surge on open-circuit may amount in a severe 
case to about 25 % of the impressed voltage, and on a 
capacitance load we have obtained records showing a 
peak voltage of rather more than 50 % of the impressed 
voltage. 

In conclusion, I should like to refer to Fig. 7, in which 
the author shows a linear variation of voltage with change 
of position of the coil. We can confirm his results, but it 
should be pointed out that the effect of capacitance load¬ 
ing may change the distribution a good deal (Fig. E). 
With capacitance loading there is a very curious effect, 
which occurs at approximately half load; perhaps the 
author can offer an explanation for the phenomenon. 
There is an initial rise of voltage followed by a recession, 
and of course the full voltage output of the regulator is 
obtained without reaching the top position of the coil. 

Mr. N. E. G. Hill : I also am interested in moving-coil 
regulators from the point of view of cable testing, and I 
have had a good deal of experience of a cable-testing plant 
using four 150-kVA moving-coil regulators. 

These regulators were designed to have a very high 
no-load current, of substantially zero lagging power- 
factor, with the object of neutralizing part of the leading 
current taken by a cable under test, and thus reducing 
the out-of-phase current load on the supply. It was 
expected that the input current to the regulators would 
be sometimes lagging, sometimes nearly zero, and some¬ 
times leading, depending upon the capacitance of the 
cable under test. These expectations were not fulfilled, 
for in practice it was found that the input current was 
lagging under all conditions of load, and that with a very 
heavy cable load the input current was increased above 
the no-load value. In addition, the voltage regulation 
was very bad, and it was no uncommon experience to 
get full voltage on the output side when the moving coil 
was as little as 20 % from its zero position. The control 
of voltage was thus made difficult and even dangerous on 
heavy load. 

I found, by mathematical analysis of the circuit, that 
the leakage reactance of the regulators, which is effec¬ 
tively in series with the load, could form a series resonant 
circuit with the cable under test. The leakage reactance 
of the regulators was so high that resonance at the funda¬ 
mental frequency occurred within the working range of 
cable loads. This resonant condition due to high leakage- 
reactance affords a complete explanation of the input- 
current and voltage-control phenomena already men¬ 
tioned. The practical effect was that not more than half 
of the total kVA rating of the h.t. transformers could be 
used without the danger of a resonant rise of voltage on 
the cable. 

This was a serious difficulty. My own solution was to 
use the moving-coil regulators as fixed inductances in 
parallel with the primaries of the transformers. The 
moving coils were adjusted so that the reactance of the 
regulators was such that their lagging kVA exactly 
neutralized the leading kVA taken by the cable. Thus 
the effective load was a pure resistance taking sufficient 
current to make up the very small losses in the circuit. 
The voltage was controlled by a small auxiliary induction- 


regulator on the input side. This arrangement worked 
extremely well. With the full 600-kVA cable load, the 
input to the induction regulator was about 60 kVA at 
0 • 9 lagging power-factor. 

It is very desirable, however, to use the moving-coil 
regulators as direct means of controlling the voltage rather 
than as chokes adjustedto suit the load. It is evident that 
resonance will occur in any cable-testing plant under some 
conditions, but the point of resonance must lie outside 
the working range. This would have happened in the 
present case if the leakage reactance of the regulators had 
not been extremely high. I should like to ask the author 
whether it is possible to design a moving-coil regulator, 
suitable for cable testing, -with a very small leakage- 
reactance and at the same time a fairly large no-load 
current to neutralize the capacitance current of the cable. 

There is a further objection to high leakage reactance. 
If there is any impurity in the input voltage wave, 
harmonic resonance may occur and, if the leakage 
reactance is high, the voltage wave will then be badly 
distorted. This is an important matter in cable testing. 

If the high leakage reactance can be reduced to a low 
value the moving-coil regulator will be very attractive 
for cable testing because of its smooth, uniform, and 
continuous control of voltage. 

Mr. W. R. Cooper: I should like to ask the author 
about the use of the moving-coil voltage regulator for 
regulating low voltages and very heavy currents. There 
is a great deal of difficulty in regulating the voltage of the 
heavy currents which are used in electric furnaces in steel¬ 
works for smelting high-carbon steels and special steels, 
as the current varies so much—from zero on open-circuit 
to a dead short-circuit, when thousands of amperes will 
pass. Some types of voltage regulator have been used, 
but not with very much success, as there is great difficulty 
in operating rapidly to follow the changes in current. I 
think that in the case of the 3-phase electric furnace the 
function of the regulator would be to balance as far as 
possible the currents in the three phases. Similar 
remarks apply to a smaller degree in electric arc-welding. 

Mr. W. E. M. Ayres : My remarks will be directed to 
some of the statements made in the paper, and to some 
of the features of the particular form of differential flux- 
regulator described. 

Referring to Section (4) (c), it is easy to see why the 
losses in this type of regulator are relatively high, quite 
apart from stray losses, if one examines the theory of 
operation as shown in Fig. F. Diagram (a) represents 
the full-boost position, and the right-hand half of the 
combination is a complete transformer for full kVA. 
Instead of the copper losses being due to this active 
portion, and proportional to 2 I n , they total QI n . Dia¬ 
gram (6) represents the neutral position, and here the 
losses are proportional to 4I n . It is worth noting that in 
all positions of the moving coil the ampere-turns in this 
short-circuited member are 2I n . 

I would point out that some of the statements in 
Section (4)(d) are very misleading. In the induction 
regulator the small air-gap is not varied and does not 
come into the calculation of operating forces. A regu¬ 
lator of 18 in. rotor diameter has a travel of 180° or 
28 in., which is comparable with that of the moving-coil 
type. It is also quite meaningless to compare the forces 
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required by the motor power provided, without taking 
into account gear-ratio and time-to-travel. The moving- 
coil regulators described are very slow in operation (I have 
timed some to 12 minutes for complete travel) and hence 
may be worked by a disc motor. The mechanical forces 
on the moving coil are given by the product (Ampere- 
turns X Flux), and the author mentions that the flux 
path is mainly air; therefore the saturation effect does not 
enter into the problem, which means that the stresses 
are proportional to the current squared (the quantity 
always used for calculating mechanical stresses on normal 
transformers). The author states elsewhere that in 
certain positions the coil weight is counterbalanced by 
the upward forces at normal load. A regulator of 
about 10 kVA which has a moving coil of about 20 lb. 
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Fig. F 

(a) Full boost, on load. ( b) Neutral, on load, 
(c) Full boost, no load. 

I n = ampere-turns in one winding. 

In — magnetizing ampere-turns. 

No current flows in AB, CD, EF, or GH. 


weight may therefore suffer a hammer blow of 20 x 25 2 
= 12 500 lb. due to a short-circuit current of 25 times 
full load; such a current is not abnormal. An induction 
regulator of 10 kVA with an 8-in. diameter rotor has a 
maximum torque of 23 • 5 lb.-ft. at full load, corresponding 
to a force of 70 lb. at the periphery. Owing to the effect 
of saturation, however, this peripheral force only increases 
to 2 800 lb. with a short-circuit current of 25 times full 
load, and the coils are firmly embedded in slots. The 
author’s attempted comparison is therefore very in¬ 
accurate, and unfavourable to the regulator described. 

In Section (6)(&) he states that voltage phase-displace¬ 
ment is of importance, but then proceeds to limit his 
de fini tion of this term. The only phase displacement 
which matters is the angle between the incoming and 
outgoing voltages, however produced. Electrical net¬ 
works are unable to discriminate between a phase dis¬ 


placement due to connections or inherent characteristics 
and a phase displacement brought about by reactance 
in the connected apparatus. The concentrically wound 
moving-coil regulator is a very great improvement on the 
original sandwich-coil type, but still has a very appre¬ 
ciable angle at full load; moreover, this angle all repre¬ 
sents reduced power factor on the system, whereas with 
induction regulators the voltage and current angles are 
shifted simultaneously without the system power-factor 
being affected. 

In formula (16) the author shows that the current in 
the moving coil is zero at no load. Referring to Fig. F '(c), 
showing the no-load full-boost conditions, it is seen that 
ampere-turns equivalent to the magnetizing current must 
flow in the moving coil, and as, according to Appendix 3, 
this is 42 % of full-load current, I cannot consider it negli¬ 
gible. Similarly, the difference between the calculated 
value (7-2 amp.) and the measured value (6*9 amp.) of 
the current in the moving coil is not a slight discrepancy, 
and is certainly not due to the impedance of the ammeter 
circuit, which could only put up the voltage across the 
moving coil without altering the ampere-turn equilibrium 
on the regulator limb. This difference is due to a 
reactive component of -\/{l • 2 2 — 6 - 9 2 ) — 2-04 amp. 
When the whole analysis is based on an approximation 
of an approximation (as admitted in the beginning of 
Appendix 1) one may obtain very simple formulae and 
eliminate inconvenient quantities, but no accurate 
solution of the performance is obtained. 

Mr. E. V. Clark (Australia) ( communicated ): The 
advantages of the moving-coil regulator described by the 
author are many; but it is a pity that the questions of 
cost, weight, and efficiency, should have been dismissed 
so cursorily. Typical figures for one or two regulators 
of specified capacity would be of interest, since it seems 
that in weight and in efficiency it will compare unfavour¬ 
ably with regulators of other types. For as the regulator 
acts as a transformer with wide air-gap, it must be bulky 
for the amount of flux carried; and as regulation is 
effected by neutralizing the magnetic effects of current 
in one coil by that induced in another, and in Types B, 
C, and D (Figs. 4, 5, and 6) we have coils n and lo which 
at all times carry full output current but are never both 
fully operative in generating e.m.f., it is evident that 
both the amount of copper and the copper losses are on 
the high side. It certainly appears, therefore, that the 
moving-coil regulator will find its greatest field of use in 
the smaller sizes, where simplicity of operation and low 
maintenance costs may outweigh internal losses, and 
where the elimination of costly accessories may make up 
for the greater cost of iron and copper. 

In contrasting the original type, shown in Fig. 14(a), 
with the newer type, shown in Fig. 14(5), it is of interest 
to note that the original type of regulator should work 
reasonably well if the moving coil is a solid ring of copper 
without insulation, though doubtless eddy currents 
therein would make such construction inadvisable except 
in small sizes. With the newer type, on the other hand, 
very poor results might be anticipated if the moving coil 
consisted of a solid sleeve of copper or aluminium; a 
wire-wound moving coil seems essential. 

Two modifications of the present design suggest them¬ 
selves. Firstly, just as the multi-yoke construction has 
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been found superior to the double-yoke shell type, so one 
might expect that a design upon the lines of the Berry 
transformer would be superior to the 4- and 3-yoke forms 
adopted. Such a design should appreciably increase the 
equivalent cross-section of air-gap and assist in keeping 
the lines of flux in the planes of the laminations, with 
reduction in stray eddy-current looses. Space for the 
operating mechanism of the moving coil could be provided 
without elimination of much of the iron from the Berry 
design. . Secondly, there seems no reason, other than 
difficulties in construction, why the stationary coils a, 
b, n, and 1c should not be wound in slots on the central 
core, so that the length of air-gap would be merely that 
necessary to accommodate the moving coil. Manufactur¬ 
ing difficulties would no doubt be considerable; but with 
Types B, C, and D connections it should be possible to 
reduce the length of air-gap to less than half its present 
figure, and in regulators of large size the consequent 
saving in materials might justify the greater complexity 
of manufacture. 

The statement on page 8 that in the 3-phase type 


The fourth yoke of each unit can be omitted, as the 
3-phase fluxes cancel outseems hardly warranted 
by the diagram shown in Fig. 16, since the top and 
bottom end-pieces of the missing yoke are also omitted, 
and no iron is shown in the central core in position to 
carry flux that such a yoke would convey to it. Any 
appreciable quantity of flux returning in this manner, 
at right angles to the laminations, would surely add 
materially to the eddy-current losses in the core. How¬ 
ever, if the Berry type of construction were adopted 
it would probably be advantageous, technically if not 
commercially, to cross-connect the three cores, top and 
bottom, with laminations to permit of the use of this 
imaginary central core. Unless the three units could be 
brought closer together than in Fig. 17, however, it 
would probably be found desirable to provide a stack of 
horizontal laminations in the central space to assist the 
flux back from the core of one phase to that of another. 

[The author’s reply to this discussion will be found on 
page 30.] 


SCOTTISH CENTRE, AT GLASGOW, 8th FEBRUARY, 1938* 


Prof. S. Parker Smith: I should like to show in 
actual operation two moving-coil regulators, of the type 
described by the author, which have been purchased for 
the laboratories of the Royal Technical College. 

The extensive terminal boards of these regulators are 
naturally specially designed for testing purposes. The 
general feature to note about these regulators is their 
lightness in comparison with the induction regulator. It 
must be remembered, however, that much of the weight 
of the induction regulator is due to its cooling device; 
of course, it would not be possible to build an induction 
regulator like the moving-coil regulator, which is com¬ 
paratively a skeleton. 


The object of installing these regulators in the 
laboratories here is to enable students to control the 
supply voltage in accordance with the principle that every 
group of students must be able to conduct its experimenf 
without interruption. Consequently, throughout these 
laboratories there is a large number of motor-generators 
and voltage regulators of all descriptions. 

Mr. W. Sutcliffe : More than 40 years ago the late 
Dr. Ferranti conceived the idea of a moving-coil constant- 
current regulator; this was applied to his rotating syn¬ 
chronous rectifier, employed principally for the rectifica¬ 
tion of alternating currents for series d.c. arc-lighting 
circuits, and was then regarded as a definite improvement 
on the old Brush arc-lighters which previously had 
enjoyed a measure of popularity. It is pleasing to find 
that Dr. Ferranti’s old idea of a moving coil for regulating 
purposes has not been entirely forgotten; on the contrary, 
it seems to have been actively followed up by the author's 
company and applied in a different and much improved 
form to the more modern problem of voltage regulation. 

The importance of close voltage-regulation is now 
appreciated by supply engineers, not only from the point 
of view of avoiding complaints from consumers, but also 
from the. equally important one of revenue; it is not 

*,P«: meeting was held at the Royal Technical College, Glasgow, where by 
were'on view° f Pr ° f ‘ S ' Parker Smith > various types of moving-coil regulators 


always realized that consumption in terms of kilowatt- 
hours falls as the square of the voltage, and that a drop 
of, say, 5 % at the consumer’s terminals means a reduc¬ 
tion of nearly 10 % in the units registered. 

Turning to the author’s design of voltage regulator, 
the first reaction to the suggestion of a moving coil on 
the limb of a transformer may be one of surprise, and 
possibly concern, especially to engineers who, not un¬ 
mindful of short-circuit stresses, emphasize the impor¬ 
tance of robust coil-supports and bracings in transformers. 
It is true that these requirements refer to fixed primary' 
and secondary windings, whereas the author’s moving 
coil in the ordinary sense is neither, being isolated and at 
earth potential; none the less, under short-circuit con¬ 
ditions the coil must be subjected to mechanical stresses 
of considerable magnitude, and these must necessarily be 
borne by the rather slender-looking screwed supporting 
shafts. 

Fig. 13 indicates that maximum stress occurs when the 
coil is in the 0 ■ 2 position, but unfortunately no values are 
given to the ordinates of the curve, and therefore no com¬ 
parisons can be made; it would be interesting if the author 
could state an approximate figure for the mechanical 
stress under short-circuit in the moving coil of a 250-kVA 
regulator, assuming the coil in its worst position, and a 
plant capacity of 50 000 kVA with total im pedance 
of 20%. 

On page 7 the author refers to the difficulty of 
expressing quantitatively the mechanical forces in the 
moving-coil regulator, but he implies • that, since the 
latter can be driven under normal loading conditions by 
one or more fractional-horse-power' motors, the forces 
must be of a low order; this is rather misleading, because 
the motor power required to move the coil is governed 
not only by the resisting force but also by the rate of 
travel. In any case, the power required to operate the 
regulator has little bearing on the mechanical stresses 
imposed during short-circuit conditions. 

The author occasionally makes comparisons between 
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the moving-coil regulator and the induction regulator, 
rather in favour of the former; but it should be remem¬ 
bered that hundreds of the latter are in successful opera¬ 
tion all over the country, with no more noise or vibration 
than is associated with a normal transformer. 

Turning to page 10, the phase shift of 6° introduced 
by a single induction regulator for ± 10 % voltage 
variation when in the mid-position can be neutralized 
by adopting the twin design, as is invariably done for 
interconnectors, or other cases where phase displacement 
is undesirable. Is the author quite sure that phase shift 
is entirely absent in the moving-coil voltage regulator 
under all conditions of loading ? 

The value of the paper would have been enhanced had 
the author given the relative costs and internal losses of 
the moving-coil voltage regulator and the induction 
regulator. 

. Mr. A. P. Robertson: One of the advantages which 
the author claims (on page 8) for the moving-coil regulator 
is the almost complete absence of noise. The demonstra¬ 
tion model is not quite noiseless but is very nearly so. I 
do not support his argument that so far as residential 
areas are concerned it is desirable that the noise should 
increase with load " as during the night the load is 
usually small and noise emission will then be a minimum 
at a time when noise is most objectionable/’ In resi¬ 
dential districts the load as a rule is heavier in the even¬ 
ing, when people are at home, and those who live next 
door to a substation will be inconvenienced. If, how¬ 
ever, the regulator is installed in a works instead of 
adjacent to a residential district, then thp noise will be 
less in the evenings and will not be likely to trouble 
residents. 

I should like to know whether the noise emitted is 
more or less when the regulator is contained in a tank. 
The author says that in certain circumstances special 
precautions are taken to minimize noise. I should like to 
know what these precautions are. A low flux-density is 
conducive to silence. 

Oh page 10 it is stated that it is not possible to use the 
neutral point of the regulator for loading purposes on an 
unbalanced load, but that static balancers are required 
(separate from the regulator, I presume). My experience 
of static balancers has not been happy; but if it is 
necessary to install a static balancer what should be its 
magnitude, and can it be incorporated in the regulator 
itself, inside the tank or adjacent to it ? 

I should like to know what are the losses of the moving- 
coil regulator when it is in the maximum position. 

Referring to the regulator for laboratory work which 
was demonstrated by the author, does the long travel of 
the coil affect its ability to deal with quick fluctuations 
of voltage ? 

What is the time-lag on the author’s initial relay 
system ? I should also be interested to have details of 
the sizes, losses, and prices, of moving-coil regulators. ' I 
am particularly interested in a regulator of 50 kVA 
rating, giving 20 % regulation. 

Prof. M. G. Say: The moving-coil voltage regulator 
seems to have all the essential features of a true inven¬ 
tion; it is a simple and effective application of known 
electromagnetic principles. Possibly in respect of losses, 
magnetizing current, and efficiency, the device is not quite 


so good as the induction regulator (but I should like the 
author’s views on this point): on the other hand, it has 
obvious advantage in regard to construction and 
operation. 

The mercury switch is employed in the control-of the 
regulator because it can be operated by the relay directly. 
Would it not be possible to employ for this purpose 
switches of the micro-gap type ? These work with quite 
small forces, and are capable of breaking 15 amp. at 
230 volts, 50 cycles per sec., with a gap of only a few 
mils. They are used in thousands on cheap and simple 
thermostats. 

I should be interested to know the order of the maxi¬ 
mum flux-density used in the cores. It has to be low, 
presumably, .because much of the magnetic-flux path is in 
non-magnetic material. Is there any objection to the use 
of a plain copper sleeve for the moving coil ? 

The moving-coil regulator in miniature sizes should 



Output voltage as percentage of input voltage 


Fig. G 

prove very useful in the laboratory for breaking down 
constant supply-voltages. The objections to the usual 
resistance potential-divider are heat, loss, and poor 
regulation. I suppose that the regulator would have a 
much smaller loss and would in consequence develop less 
heat, but would the regulation be any better ? Would 
the output voltage for a given setting of the moving coil 
remain constant within a few per cent between no-load 
and full-load output ? 

Mr. E. S. Fairley: In view of the number of inquiries 
which have been made about the loss and power factor 
of regulators, the following test results which I recently 
obtained on a 3-phase moving-coil regulator may prove 
of interest. 

The regulator tested was rated at 10 kVA and the 
output-voltage range was from zero to 120 % of the input 
voltage. Fig. G shows the results obtained by varying 
the output voltage over a wide range while maintaining 
the output current constant at full-load value. The 
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load power-factor was unity. The losses occurring in 
the regulator comprise iron losses and copper losses, the 
values of which depend on the position of the short- 
circuited coil. The former vary by about 30 % and the 
latter by about 15 % over the full travel of the short- 
circuited coil. The full-load copper losses are about 
2-| times the iron losses. The efficiency decreases with 
reduction in output voltage because the losses, which are 
approximately constant, become an increasing propor¬ 
tion of the decreasing outout. 

The phase displacement, percentage regulation, and 
input power-factor, depend on the leakage reactance of 
the regulator, which from these results would appear to 
be considerable. It is difficult to see how a high leakage 
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reactance could be avoided, as the coupling between all 
the coils appears to be as close as is mechanically possible. 
Perhaps the author can explain how the design could be 
modified so as to reduce the leakage reactance while 
maintaining the same range of output voltage. 

I should like to amplify the author’s remarks regarding 
the distortion of the output voltage which occurs when 
the current is not sinusoidal. Referring to the circuit 
shown in Pig. H, which may be taken as the equivalent 
circuit of the regulator, v % , the instantaneous value of the 
output voltage, will always be given by 


where t^is the input voltage, L the’equivalent inductance, 
and i the current. Let us assume that the wave-form of i 
is as shown in Fig. J(a) and that v ± is sinusoidal; then 
from the above equation the wave-form of v 2 may be 
deduced. The result is shown in Fig. J(5). 






The case instanced above may occur in practice if a 
large percentage of the total load on a system consists of 
rectifier plant. 

[The author’s reply to this discussion will be found on 
page 30.] 


NORTH MIDLAND CENTRE, 

Mr. Douglas C. Field : To use long overhead trans¬ 
mission lines economically it is necessary to allow reason¬ 
able voltage-drops, and these have to be corrected for at 
some point on the system. The use of transformer on¬ 
load tap-changing gear for this purpose is the more 
common method, although separate regulator equipments 
are sometimes employed. On low-voltage systems heavy 
loads are frequently met with at the end of the system, 
and often voltage regulators are the most economical 
method of dealing with the situation. All these methods 
of regulation, however, necessarily entail movement and 
consequently continuous maintenance. It is not sur¬ 
prising if supply engineers are slow in installing regulators 
in large numbers when they know that these, unlike trans¬ 
formers, will probably require a good deal of attention. 

It is significant that the two characteristics included 
in Table 2 which are not met by any existing form of 
regulator, namely " no moving parts ” and "instanta¬ 
neous operation,” are probably the most desirable, and 
one still looks forward to the day when some static form 
of regulator will be available which will solve both these 
problems. 


AT LEEDS, 1ST MARCH, 1938 

The author will probably agree that his particular 
form of regulator is not superior to others in respect of 
cost and of losses. I have been comparing some figures 
relating to one of the early moving-coil regulators with 
those for a modern type and I note that the author 
has been able to reduce the losses considerably, but still 
further improvement in this direction would be welcomed. 

On page 6 the author says that the internal impedance 
value is not usually of importance, but so far as regulators 
used on distribution and transmission systems are con¬ 
cerned I am not altogether in agreement. A voltage 
regulator really only maintains a steady average voltage, 
and it cannot correct sudden kicks; peaky loads and 
heavy loads suddenly applied often give rise to com¬ 
plaints, and the insertion of a voltage regulator increases 
rather than lessens the fluctuations since it means adding 
to the impedance of the circuit. Therefore the lower the 
internal impedance of the regulator can be kept the 
better. 

I should like to inquire what is the minimum starting 
voltage of the induction-disc type of motor. A regulator 
may be called upon to deal with a sudden big drop in 
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voltage, and it is important that the motor should be 
able to start under these conditions. 

At the bottom of page 11 the author says “ For all 
except the largest regulators the voltage-relay mercury 
switch serves this purpose and thus controls the driving 
motor directly.” Does he mean that mercury switches 
are always used for controlling disc-type motors and that 
contactors are required for other types of motors, or that 
in the case of large regulators employing several disc-type 
motors contactors are required ? If the latter is the case 
I should have thought that the difficulty could easily 
have been overcome by having more than one mercury 
switch operated by the relay. 

The Type D connection is interesting, and I hope that 
it may be developed for use on distribution transformers 
in place of on-load tap-changing gear. 

Advantage may be taken of the internal impedance of 
the moving-coil regulator by using it for protecting 
switchgear, at the same time overcoming the drawback 
of the usual type of reactor by correcting for the voltage- 
drop under normal load conditions. 

Mr. H. Peace : I should like to mention some experi¬ 
ence which I have had of the operation of one of these 
regulators of 2 000 kVA capacity. The only portion 
which has given trouble is the contacting gear, and this 
began to give rise to a great deal of noise which no amount 
of adjustment was successful in silencing. Since the con¬ 
tactors were changed, however, no further trouble has 
been experienced. I suggest that some further investi¬ 
gation is desirable with a view to eliminating contacting 
gear on even the larger regulators. The noise I have 
mentioned could be very objectionable in a residential 
area, especially if the gear were installed in a sheet-steel 
kiosk. Regarding the actual operation of the regulator, 
I have found the smoothness of variation to be very 
marked, in both near and remote parts of the network 
under regulation. A short-circuit which occurred in a 
high-voltage isolating link box at a substation about 
•J mile beyond the outgoing side of the regulator had no 
ill effect on the latter, although our attendant heard a 
noise which might have been caused by the regulator 
being lifted up bodily and dropped. 

I notice from one of the author’s slides that these 
regulators are being applied to X-ray work, and I should 
like to ask what results they have achieved in this sphere. 
I am rather doubtful whether the action is quick enough 
to follow the variations in voltage which occur, for in¬ 
stance, on a supply driven by blast-furnace gas engines, 
during the time an X-ray exposure is being made. 
Whilst an X-ray exposure is only a matter of a very small 
fraction of a second, it is, nevertheless, necessary to preset 


the regulator before setting up the X-ray apparatus to 
take the exposure, and during this latter period the in¬ 
coming voltage, on such a suppfy as I mention, may have 
varied considerably. 

Dr. E. C. Walton: The author states that the magnetic 
circuit of his regulator is chiefly air, and this being so it 
would seem that the magnetizing current must be very- 
large unless the means taken to reduce it consist in 
suitably increasing the number of turns on the coil. The 
induced e.m.f. in one of the coils is proportional to the 
product of flux and turns, so that one means of keeping 
the flux down is to increase the number of turns. This 
also has the effect of further reducing the magnetizing 
current for a given number of ampere-turns. It would 
seem from this point of view that the concentric-coil 
construction shown in one of the author’s slides is an 
advantage, because not only is the length of air-gap 
reduced but one single magnetic circuit is converted into 
two or three in parallel. I imagine that the change from 
the single-core to the multi-yoke type of construction goes 
a long way towards reducing the magnetizing current. 

In the paper the author uses the not very common 
term “leakage impedance”; I suppose this means a 
combination of " leakage reactance ” with resistance, 
although in Appendix 1 he makes the statement that the 
resistance can usually be neglected. 

The regulator is a most useful piece of apparatus for the 
laboratory. It will fulfil two distinct functions, one 
being the provision of a variable-voltage supply for test¬ 
ing and experimental work and the other the provision 
of a variable impedance, which is so often required. The 
author refers to the use of this regulator in meter-testing 
panels; one can see that it will also prove very useful in 
the calibration of a.c. indicating instruments. 

Mr. R. D. Ball: The customary induction regulator 
has a magnetic circuit which includes an air-gap of-about 

in., and I understand that the transformer windows 
form the air-gap in the moving-coil regulator, probably 
a few inches in dimensions. This fact would seem to 
raise the magnetizing current of the moving-coil regulator 
considerably above that of the normal induction regu¬ 
lator, for a given amount of active material. 

When the moving-coil regulator is used as a potentio¬ 
meter device, are the component voltages dephased with 
reference to the line voltage ? 

Assuming a sine-wave voltage on the mains supplying 
the regulator, what wave-form could be expected on the 
secondary side of the regulator ? 

[The author's reply to this discussion will be found on 
page 30.] 


TEES-SIDE SUB-CENTRE, AT MIDDLESBROUGH, 2nd MARCH, 1938 


Mr. H. V. Field : The moving-coil voltage regulator 
is an extremely ingenious and interesting application of 
eddy-current screening-effects.- One of the earliest appli¬ 
cations of voltage control of an allied character is found 
on small induction or “ shocking ” coils, where the eddy 
currents in a moving copper or brass tube sliding over 
the primary winding control the flux linkages of the 
secondary, and hence the secondary voltage. 

In Figs. 1-6 the need for mentioning the winding 


direction of coil C does not appear to be necessary, as 
its action is independent of the winding direction. 

It is suggested that in the interest of completeness this 
new type of regulator should be added to Tables 1 and 2. 
The design requirements of this type of regulator -would 
appear to be somewhat conflicting, in that the opposition 
of windings increases the copper necessary, so that on 
this score a design with high flux and low ampere-turns 
would appear desirable. As, however, the flux paths are 
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largely in air, this favours a low flux and high ampere- 
turns. Actual designs would appear to require a large 
amount of both copper and iron, the former owing to 
the low flux, and the latter owing to the long coils which 
would be necessary to keep down the magnetic current 
reluctance. Even so, it is considered that the magnetiz¬ 
ing current would be high as compared with that in 
transformers of normal design. 

In regard to Fig. 2, it is stated on page 4, col. 1, that a 
" voltage variation of F 3 is obtained.” This seems to be 
incorrect, as F 3 is not varied, but only the distribution of 
this voltage across coils “a.” and " b,” thus controlling 
the fraction of F s which is added to F 2 . As coils " a ” 
and *' b ” are in opposition, it would appear necessary 
for their ampere-turns to be approximately equal, as 
otherwise one would dominate the other and send a 
flux round the closed iron circuit. No indication of the 
relative ampere-turns is given in the paper. Can the 
author say how the current in the short-circuited coil 
varies (a) with the position at no-load, and (6) with the 
load for a fixed position ? 


On page 8, col. 2, referring to the 3-phase construc¬ 
tion, it is stated that “ the fourth yoke of each unit can 
be omitted, as the 3-phase fluxes cancel out.” Top and 
bottom yoke portions would, however, appear to be 
necessary in order to redistribute the phase components 
of this flux. In addition, accepting the above statement, 
it would appear logical to carry this further and treat the 
remaining three yokes of each phase in the same way, 
thereby eliminating all the yokes. The outer yokes are, 
however, presumably necessary for magnetic screening. 

Can the author say what are the probable size limits 
of this type of regulator ? With large transformers the 
regulator would appear to be a very useful adjunct to 
give smooth and progressive voltage variation between 
taps in tap-changing, or as an alternative to taps by 
covering the full desired range of variation. 

The application of, small sizes fitted with automatic 
voltage control for remote situations such as isolated 
farms and country houses will appeal to power companies, 
owing to the considerable saving in line cost by the 
removal of the restriction of line drop. 


THE AUTHOR’S REPLY TO THE DISCUSSIONS AT LONDON, GLASGOW, LEEDS, 

AND MIDDLESBROUGH 


Mr. E. T. Norris (in reply ): The discussion on the 
paper has been very comprehensive and has included 
practically every aspect of design and performance as 
well as the more practical operating features. Two 
matters in particular have been raised in different forms 
by a number of speakers, and it is proposed to deal with 
these before considering individual comments. 

The more important subject is the cost and efficiency 
of the moving-coil regulator in comparison with other 
types of voltage regulator—a relation of obviously prime 
importance in practical engineering application. It was 
found impossible to give in the paper comparative figures 
of cost and efficiency, even of a general nature, for the 
reasons given on page 2 and in Appendix 4, and price was 
omitted from the comparison of different types of voltage 
regulator in Table 2. The difficulty is due to the fact 
that cost is not solely dependent on the regulator design 
and construction, but also to a large extent on factors 
having no common basis and varying widely among 
different manufacturers and for different products of the 
same manufacturer. Typical examples are the scale of 
production, manufacturing facilities and efficiency, and 
the distribution of overhead charges. The efficiency, 
also, has not a fixed value for any given regulator, but can 
be varied in relation not only to loading conditions but 
also to other technical characteristics—-the inter-relation 
between cost and efficiency alone would prevent effective 
comparison. It is, moreover, a natural feature of any 
new development that both efficiency and production are 
steadily being improved as manufacturing and operating 
experience is gained. Figures given, even when this 
paper was written, would be obsolete and unfair to the 
present design. 

It must, however, be emphasized that the difficulties 
just described in giving comparative figures are entirely 
in the abstract and do not mean ‘that price and data com¬ 
parisons are impracticable or unobtainable. In any 
particular case firm prices and all technical data can be 


stated with the load and no-load losses specified, and 
guaranteed with or without tolerance limits. Exact com¬ 
parison can then be made with any other type of regu¬ 
lator, or any alternative solution such as additional high- 
tension fines and substations, or parallel feeders. Inter¬ 
esting examples of the latter alternatives have been 
studied by MacQueen.* 

A further general view of the position is given by the 
demand for the new regulator; nearly 2 000 units have 
been manufactured and all of them have been sold in the 
open market. It is, therefore, reasonable to assume that 
the comparison has been favourable to the moving-coil 
regulator, as it is unlikely that a new and untried 
apparatus would be adopted unless it was relatively 
attractive. Fig. K shows the growth in production from 
the start and may be taken as a practical indication of the 
relative technical performance and operating charac¬ 
teristics of the apparatus. 

Apart from efficiency and cost, other factors enter into 
the comparison. Automatic voltage regulators normally 
involve complicated control gear requiring periodical 
adjustment and maintenance. This has hitherto re¬ 
stricted the use of automatic regulation in distribution 
circuits, particularly among rural supply authorities with 
limited staffs and scattered networks. The simplification 
of this gear, as described on page 11 and shown diagram- 
matically in Fig. 23, has resulted in an automatic 
voltage regulator requiring no periodical maintenance or 
adjustment. The complete automatic control and mech¬ 
anical operation of a voltage regulator involving only a 
voltage relay and driving motor, as shown in Fig. 23(6), 
would appear to be nearing the limit in simplicity and 
reliability. A number of speakers have testified to this 
unique feature. Mr. Burton, for example, referring 
(among others) to the regulator shown in Fig. 19, speaks 
of the absence of maintenance charges; whilst Mr. Morgan 

* “ Voltage Regulation on the L.T. A.C. Network,” Electrical Power Engineer, 
1936, vol. 18, p. 717. 
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refers to regulators working " perfectly night and day 
for 2-3 years without any attention whatever.” 

The foregoing remarks reply to inquiries by Dr. Say and 
Messrs. Ellis, Sutcliffe, Robertson, and Clark. 

It is shown on page 7 that the major portion of the 
magnetic circuit is air path. This has minor advantages, 
in that the magnetizing current is practically sinusoidal, 
whilst the magnetic losses and heating in air are, of 
course, zero. The principal advantage fundamental to 
the regulator is that the mechanical forces are greatly 
reduced. Electromagnetic force is proportional to clXjdS, 
where X is the reactance and S the air-gap. In the 
induction voltage regulator this gap must necessarily be 
very small (merely mechanical clearance for the rotor), 



and the mechanical stresses are therefore relatively high. 
In the moving-coil regulator this gap or window is the 
major portion of the magnetic circuit, and the relatively 
large value of S results in very low values of dX/dS and 
hence of the mechanical stresses. This relation partly 
accounts for the silence in operation and for the short- 
circuit strength described on page 10. 

Electromagnetic apparatus in general (e.g. generators, 
motors, induction regulators, and meters) requires an 
iron-path magnetic circuit. Air-gaps, where essential, 
are made as small as possible. It is, therefore, natural 
that the introduction of a new piece of apparatus having 
mainly air magnetic path should give rise to comment. 
The most obvious suggestion is that, since the per¬ 
meability of air is only unity whereas it is several thou¬ 
sands for iron, the magnetizing current will be relatively 
high. A number of speakers, including Drs. Walton and 
Wilson and Messrs. Ellis, H. V. Field, Ball, and Clark, 
have made comments of this nature. The permeability 
relation is, of course, fixed, but other factors more readily 
controllable are also involved. The magnetizing current 
is inversely proportional to AT Z , where T is the number 
of turns and A the area of the magnetic path. Both 
these factors can be chosen to reduce the magnetizing 
current. The area A is, in fact, inherently relatively 
large in the standard construction shown in Fig. 14(&). 
In practice, the magnetizing current compares favourably 

j ' 


with representative values in other electromagnetic 
apparatus. The ease of control of this current makes it 
possible to obtain abnormal values when required, as 
described on page 14. 

Mr. Ellis and Mr. Diggle have referred to early—and 
obsolete—types of voltage regulator. A study of the 
Patent Office records will reveal the very large number 
of attempts which have been made to produce a good 
voltage regulator during the last 40 years, and thereby 
emphasize the potential demand for a satisfactory solu¬ 
tion. Illustrations in the articles quoted by these 
speakers show some that have actually been made, 
but they have all been abandoned many years ago as 
impracticable. 

It is not suggested in the paper that variation of 
reactance by means of a movable short-circuited coil is 
new. The most familiar example is probably the toy 
shocking coil mentioned by Mr. IT. V. Field. The position 
is, in effect, summarized in the second paragraph on 
page 5 of the paper. The windlass type referred to by 
Mr. Ellis has obvious practical difficulties, whilst the 
second type patented in 1904 involves heavy forces and 
flexible connections from the moving coil carrying full¬ 
load line current. The regulator described by Mr. Diggle 
and shown in Fig. A is apparently simply a variable 
reactor in series with an auto-transformer as classified in 
group 1(b) of Table I. The voltage variation obtained is 
determined not only by the particular value of the series 
reactance but equally by the load current. Such devices 
cannot be considered true voltage regulators, as their 
operation is not independently determinable but involves 
an external characteristic (the load current or impedance). 

In reply to Mr. Ellis’s and Mr. Diggle’s comments on 
short-circuit stresses, the coils, both fixed and moving, 
are of the single helical or multi-layer type, which is 
naturally strong mechanically. Any possible decrease in 
mechanical strength due to their axial length is more 
than offset by the accompanying decrease in force, so 
that the factor of safety is increased. The mechanical 
stresses are inherently low, due partly to the air magnetic 
path and partly to the neutralization of currents in the 
fixed coils, as explained in Section 4(d). The short- 
circuit tests of 77 times full load described on page 10 
were carried out chiefly to confirm calculated figures and 
to determine the mechanical rigidity of the windings. A 
number of cases have occurred of severe short-circuit on 
lai-ge regulators in service, with satisfactory results. One 
such instance, involving a large regulator of 2 000 kVA 
capacity, is described by Mr. Peace. The force 
between the coils of the three phases is negligible. The 
force curve in Fig. 13 relates to a Type B all-boost 
regulator. The curve would be symmetrical about the 
centre for equal buck and boost, but otherwise of the 
same general shape. 

The installation of on-load tap-changing gear in the sub¬ 
station transformer, in comparison with the moving-coil 
regulator, is not merely a question of cost and efficiency. 
In most cases the best place for a voltage regulator in 
distribution circuits is not in the substation but out on 
the line. Voltage regulation in the substation can do 
little more than handle high-tension voltage variations, 
whereas installation along the feeder permits loads and 
feeder lengths which would otherwise result in voltage- 
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drops four or five times as great. The type of regulator 
described in Section 6(f) is intended for house-service use. 

It is designed for installation indoors on the load side of 
the main switch and fuses in low-voltage lighting and 
power circuits. There would seem to be no fundamental 
difficulty in building the regulator for working voltages 
of 132 kV. 

In reply to Mr. Ellis’s last question, the moving-coil 
regulator is in general much quieter than an ordinary 
static transformer of the same equivalent size. Noise is 
probably most objectionable in quiet suburban areas, and 
Mr. Ellis’s query is best answered by Mr. Morgan, who 
states in respect of his feeder-pillar type voltage regulators 
that “ It is impossible to hear any noise from them at 
any time of the day or night.” 

In high-capacitance cable testing equipment it is often 
desirable that the voltage regulator should have low 
leakage reactance and high magnetizing current to 
neutralize the capacitance current of the cable and so 
reduce the kVA input required and improve its power 
factor. In the original design of regulator having sand¬ 
wich windings with rectangular coils, as shown in 
Fig. 14(a), the minimum reactance obtainable in some 
cases prevented compensation as described by Messrs. 
Webb and Hill. In Mr. Hill’s case the conditions were 
accentuated by a change in the voltage ratio, involving 
re-connection of the coils after installation. The con¬ 
centric-winding construction shown in Fig. 14(5) gives 
inherently much lower values of internal reactance and 
permits almost any combination of reactance and mag¬ 
netizing current. This is confirmed by Mr. Mildner, 
who has had experience of both types and finds that the 
concentric designs ” operate very satisfactorily in this 
respect.” The reduction in leakage reactance also 
improves the voltage regulation which, owing to the 
capacitance loading, is positive. 

In reply to Dr. Wilson, energy-storage mechanism is 
essential with all on-load tap-changing gear, either in the 
switches themselves or in the operating mechanism. It 
must definitely be made impossible for the gear to stop 
with a switch in an intermediate position. For normal 
operation the tap-change cycle must be completed, so 
that the choice is not as simple as Dr. Wilson states—• 
apart from the wear and tear of current-breaking switches. 
Even if energy storage could be eliminated the control 
gear would not be greatly simplified. Typical automatic 
control apparatus for on-load tap-changing gear was 
described recently by Mr. Diggle* and is in accordance 
with Fig. 23(a) of this paper. 

Ordinary transformer oil in accordance with B.S.S. 
148—1933 is used and, although some regulators have 
been examined after 7 years’ service, no sign of wear was 
apparent. It should be noted that the mechanism is 
lightly rated and that there are no fast-running parts. 
The highest speed is that of the induction disc rotor, 
viz. 140 r.p.m. Routine tests of speed show an average 
increase of 10 % or more when the regulator is oil- 
immersed, notwithstanding the damping effect of the oil 
on the rotor disc. This would seem to indicate that the 
oil has an effective lubricating value both when hot and 
when cold. 

* “The Application and Construction o£ Transformer On-load Tap-changing 
Gear," Journal I.E.B., 1937, vol. 81, p. 330. 


Transient switching-in currents of the regulator are 
much lower than in an ordinary transformer, as the 
magnetic path is mainly air and saturation effects do 
not arise. 

Remote indication of the voltage ratio is usually pro¬ 
vided by the “ Ferranti repeater.”* 

The limitation in voltage range described by Mr. 
Burton only occurs when the whole of the voltage-drop 
is on the input side of the regulator and is due entirely 
to the load through that particular regulator. The 
theoretical limit in this extreme case is 20 % voltage- 
drop, but even then the regulator will effect some im¬ 
provement for larger drops. If D is the per-unit drop 
without the regulator in circuit, then the improvement 
in voltage with a suitable regulator will be 


D — [l — 0-5V{l/-D - l}] 

With two regulators installed at intervals along the line 
much higher voltage-drops can be controlled, even under 
these extreme conditions. There are several installa¬ 
tions of this kind giving satisfactory service where the 
low-tension distributor is 3 to 4 miles long, and the 
installation of two regulators with static balancers has 
saved the much higher cost of high-tension lines and 


substations. 

I agree with Mr. Burton that in certain cases high 
operating speed may be essential; but as it is invariably 
more expensive, and in many cases unnecessary, it is 
desirable, as stated in the paper, ' to consider indivi¬ 
dually cases apparently requiring high-speed operation.” 
The increase in line current due to the transformation 
ratio of the voltage regulator does not increase the total 
load on the system; the maximum demand will be just 
the same with high-voltage supplies if the voltage regu¬ 
lation is similarly maintained within the limits of good 
service. Mr. Burton does not advocate bad voltage 
regulation in order to reduce the maximum demand 
during a cold snap, and Mr. F. S. Naylor has shownj 
that maintenance of voltage gives increased net revenue 
notwithstanding higher maximum demand. 

The results of operating experience given by Mr. 
Morgan are extremely interesting and emphasize the 
advantages of good voltage regulation. The pronounced 
effect of small changes in the supply voltage on output 
is of great practical importance. It is seldom that actual 
figures derived directly from operating experience, such 
as those quoted by Mr. Morgan, are available. 

It seems to me that the moving-coil regulator is a 
combination of Classes 1(5) and 2(a) and not Class 1(5) 
only, as suggested by Mr. Diggle. There is^a trans¬ 
formation effect due to the auxiliary coils n and 

“ p ”_which gives, in effect, a variable-turn boost and 

buck. The no-load current in the regulator tested in 
Appendix 3 is not 42 %, as the test load did not repre¬ 
sent the rating of the regulator. Testing conditions 
were in fact so chosen as to exaggerate the internal load 
impedances in order to demonstrate the accuracy of the 

formulae. , 

The reactance ratio of the coils “ a ” and “ b ” in the 
extreme positions of moving coil varies from 15 to 50, 


* Engineer, 1936, vol. 162, p. 525. 
f “ Loss of Revenue on Heating and Lighting 
Regulation,” Journal I.E.E., 1936, vol. 79, p, 33. 


Loads, due to Poor Voltage 
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depending upon the design and application of the regu¬ 
lator. The inherent regulation of the regulator is a 
function of the equivalent impedances of the windings 
“ a ” and “ b ” in parallel. The effect of moving-coil 
position on this regulation depends on the design and 
on the coil proportions. Either higher or lower mid- 
position values are possible with the concentric winding 
design. The reactance was inherently higher in the 
middle position for the ordinary sandwich design— 
Fig. 14(a). The patent specifications referred to by 
Mr. Diggle described compensating coils for reducing this 
reactance. These have been found unnecessary in the 
concentric-winding type and have not actually been 
employed. 

The largest regulator as yet manufactured in physical 
frame size is similar to Fig. 19 and can give 10 % voltage 
variation in a 15 000-kVA circuit. Larger sizes, how¬ 
ever, are in contemplation. The use of 8 motors is 
exceptional, although these are of the simple low-speed 
induction-disc type with plain copper-disc rotors. In 
the majority of cases one motor only is sufficient with 
two or three motors for the larger sizes. In the very 
large sizes, where more than three motors are employed, 
a contactor is necessary, as stated by Mr. Diggle; but, 
even so, the additional gearing and other complications 
shown in Fig. 23(a) are still eliminated. The advantages 
of installing the regulating apparatus nearer to the load 
than the distribution transformer have been described 
above and are emphasized in Mr. Morgan's remarks. 
The operating objection to on-load tap-changing gear in 
distribution circuits, unless mercury switches are em¬ 
ployed, is not the actual cost of contact maintenance but 
the necessity for periodical inspection, which involves 
isolation of the transformer and frequently interruption 
to the supply. 

With reference to Mr. Mildner’s remarks on switching 
surges, it is a characteristic of alternating-current electro¬ 
magnetic apparatus that starting conditions are different 
from running conditions and are therefore likely to 
involve transient operating effects. These are frequently 
accentuated by saturation of the iron magnetic circuit, 
but this effect is relatively small in the moving-coil 
regulator, due to its magnetic path being mainly air. 
The moving-coil regulator, in common with all other 
types, gives voltage variation by means of transforma¬ 
tion and differential reactance effects based upon sus¬ 
tained 50-cycle alternating current. This sustained 
frequency condition does not of course exist at the instant 
of switching-in, and the regulated voltage will have 
corresponding transient values until steady conditions 
obtain. In general these transient effects are only of 
importance in regulators having a large variable voltage 
range (such as those used for testing purposes) when in 
the minimum voltage position, i.e. when the 50-cycle 
regulating effect is at its greatest, and when at the same 
time relatively heavily loaded. One solution is to excite 
the regulator before loading, and another is to switch 
on with the regulator in the zero voltage position and 
short-circuited. 

The no-load voltage-ratio curve shown in Fig. E agrees 
closely with Fig. 7 of the paper. The increase in 
secondary voltage on capacitance load is due to the 
positive voltage regulation on leading power factor 
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referred to earlier in this reply. The kink in the curve 
at 0-031 jj ,F loading would seem to be due to local 
resonance effects. 

Mr. Hill’s remarks have already been dealt with. 

In reply to Mr. Cooper, the regulator is suitable for 
low voltages and heavy currents in approximately the 
same degree as an ordinary static transformer, since the 
windings are of the same type and construction. The 
absence of switches and contacts permits continual 
operation unrestricted by time-lag devices, whilst the 
speed of operation is largely a matter of mechanical 
gear ratio and motor power. 

The effect of the auxiliary bucking and boosting 
coils “ n " and “ k,” and of the moving coil, on cost and 
losses is described on page 5 and the fourth paragraph 
of Appendix 4. This effect is referred to by Mr. Ayres 
and illustrated in his Figs. F(a) and F (b) for regulators 
having equal buck and boost. In the more usual case 
of all-boost the bucking coil and the corresponding 
ampere-turns in the moving coil are eliminated. Due 
to the inter-relation between cost and efficiency referred 
to at the beginning of this reply these additional coils 
do not necessarily involve additional losses, especially 
as all the windings are single circular coils of the trans¬ 
former type free from the design limitations and labour 
cost of multiple windings in slots. 

Mr. Ayres’s.statement that " in the induction regulator 
the small air-gap is not varied and does not come into 
the calculation of operating forces ” is literally correct. 
It is not, however, a criticism of Section 4 {d), as he 
states, as this Section is entitled “ Noise and Vibration ” 
and deals with the relevant forces. These include other 
important forces besides those involved in operation. In 
particular the electromagnetic force due to the small air- 
gap in the induction regulator is a radial force causing 
vibration of the rotor and is relatively large due to the 
small value of the air-gap S in the function dXjdS . 
This force is almost zero in the moving-coil regulator, 
as the change in reactance with lateral movement of the 
short-circuited coil is negligible. For this reason no 
structural bracing of the coil laterally is necessary, and 
the relatively small-diameter operating shafts shown in 
Fig. 18 are satisfactory. 

The speed of operation of the regulator is determined 
by the operating forces, the mechanical gear ratio, and 
the motor power. The last two of these are independent 
of the regulator characteristics, so that operating speed 
is not an inherent function of the type of regulator but 
may have any desired value. The time of 12 minutes 
mentioned by Mr. Ayres is exceptionally long and would 
only be permissible in certain cases. On the other hand, 
times as low as 1 second for correcting the maximum 
voltage variation have been obtained using the induction 
disc motor, but, as stated in Section Q(e), such high speeds 
are seldom necessary. 

The internal reactance of any regulator is objectionable 
under normal loading conditions but useful on short- 
circuit in limiting the fault current and the resulting 
mechanical stresses. The saturation effect in the induc¬ 
tion regulator mentioned by Mr. Ayres results in the 
reduction of the reactance on short-circuit, when it 
would be an effective protection. Largely because of 
the relatively small saturation effect the moving-coil 
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regulator can be made self-protecting under short- 
circuit conditions, as indicated in Section 6(a). 

The statements in Section Q(b) are correct. It is this 
voltage phase-displacement which prevents operation in 
ring mains and interconnectors, as it occurs under no- 
load as well as load conditions, and would result in 
continuous circulating currents and losses. It is directly 
responsible for the double or twin 3-phase construction 
necessary for the induction regulator but not for the 
moving-coil regulator. In stating that in the induction 
regulator the system power-factor is not affected, Mr. 
Ayres is apparently ignoring both the internal reactance 
and the magnetizing current, neither of which is 
negligible. 

With regard to magnetizing current and the current 
in the moving coil, Mr. Ayres's statement that the 
ampere-turns equivalent to the magnetizing current must 
flow in the moving coil is apparently based on Fig. F (c), 
which is incorrect. The moving-coil current is sub¬ 
stantially zero at no-load for all regulator positions, as 
shown by formula (16). In tests made recently, where, 
in accordance with Mr. Ayres’s suggestion, the moving- 
coil current would be 15-5 amp., the actual measured 
value was less than 0 • 4 amp. I agree with Mr. Ayres that 
the difference between the calculated value (7 • 2 amp.) 
and the measured value (6-9 amp.) of the moving-coil 
current on load is not due, as was suggested in the paper, 
to impedance in the ammeter circuit. Neither is it a 
reactance component, as this would cause an increase 
in current and not the decrease calculated by Mr. Ayres. 
It was in this particular case due to the exaggerated 
conditions under which these tests were deliberately 
made, for the reasons stated in Appendix 3. Tests 
made recently on a standard regulator to check this 
point gave the following values: 



Moving-coil current 


Measured 

Calculated 

Half load . 

7-78 

7-72 

Full load 

15-44 

15-40 


It will be seen that under normal operating conditions 
the measured values check closely with formula (16). 
These results, together with the measurements given 
in Appendix 3, show that the formulae are all sufficiently 
accurate for practical purposes notwithstanding the last 
remark of Mr. Ayres. 

The modifications suggested by Mr. Clark are all 
technically sound; in particular, the Berry construction 
certainly gives the improvements he describes. How¬ 
ever, all these modifications involve increased manu¬ 
facturing costs. For reasons given earlier in this reply 
it is considered that the advantages of the air-gap more 
than outweigh any disadvantages, so that the extra 
labour cost of windings in slots in order to reduce the 
air-gap is not considered desirable. Mr. H. V. Field 
and Mr. Clark are correct in stating that although the 
centre yoke can be omitted in the 3-phase regulator the 
top and bottom yoke portions are still necessary. In 


practice, however, the omission of these yoke pieces 
has been found to be economically justified. 

In reply to Mr. Sutcliffe, the major mechanical stresses 
are borne by the screwed supporting shafts as he suggests, 
and these are designed accordingly to give sufficient 
strength under short-circuit conditions. The mechanical 
stress under short-circuit in the example he gives would 
be approximately 5001b. per sq. in. The remaining 
questions of Mr. Sutcliffe have been dealt with in the 
reply to Mr. Ayres. 

Mr. Robertson’s inquiries regarding noise are answered 
in effect by Mr. Morgan. Special precautions, when 
necessary, would include special sound insulation of the 
regulator and its tank, with possibly external screening. 
However, these precautions have not as yet been found 
necessary. As explained in Section 4(c), the average 
value of flux density is relatively low, and this contributes 
to relative silence. I would recommend that full use 
should be made of static balancers, as they are cheap and 
should be quite reliable and satisfactory in operation. 
The size of balancer depends upon the expected out-of- 
balance current and the voltage control desired. It can 
be incorporated in the regulator itself, but in general 
this is not the most effective arrangement, as the best 
place for the balancer is on the side of the load remote 
from the substation, whilst the best place for the regu¬ 
lator is in an intermediate position.* In general it is 
important that the neutral points of the balancer, the 
voltage regulator, the load, and the substation trans¬ 
former, should all be connected solid. 

The ability of the regulator to deal with quick fluctua¬ 
tions of voltage, as stated in the reply to Mr. Ayres, is 
merely a question of motor power and mechanical gear 
ratio. The inherent time-lag on the astatic relay is 
that due to the inertia of the armature—no artificial 
time-delay devices are incorporated. 

It is possible that the micro-gap switch suggested by 
Prof. Say would be as satisfactory as the mercury switch 
actually employed in the relay. The maximum flux 
density is similar to that adopted in ordinary static 
transformers, but the average value is much lower, as 
explained in Section 4(c) and illustrated in Fig. 12. One 
objection to the use of a plain copper sleeve for the 
moving coil would be increased eddy-current losses. 
The output voltage for a given setting of the moving coil 
remains constant -within a few per cent, as suggested by 
Prof. Say. 

The regulator examined by Mr. Fairley was one of the 
multi-range type referred to by Prof. Parker Smith, 
designed specially for experimental work in universities 
and technical colleges. Numerous coil connections are 
possible, and a high internal reactance is incorporated 
for safety purposes. These conditions, together with the 
subordination of efficiency and other technical charac¬ 
teristics to cost and flexibility of operation, make the 
measurements representative of this particular design 
only. However, the curves in Fig. G agree closely with 
calculations. All the values at the low-voltage end are 
apt to be misleading unless it is realized that they are 
based on full-load current at all voltages. Thus in the 
minimum-voltage position the percentage reactance and 

* G. L. Porter: “ Static Balancers,” Electrical Review . 1933, vol. 113, p. 7G3, 
and Electrical Times, 1934, vol. 85, p. 172. 
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percentage regulation on this basis will nominally be 
infinity. This makes the other characteristics also 
appear abnormal at the lower voltages. Measurements 
on an ordinary static transformer will give similar 
results if expressed in the same manner. 

The leakage reactance can be reduced to any desired 
value by altering the frame and coil proportions and 
the ratio of copper to iron weights. Mr. Fairley gives 
an interesting qualitative illustration in Fig. J of the 
voltage distortion described on page 13. Such distortion 
quantitatively would not, of course, be permissible in 
practice. 

The direction of winding of the moving coil C is 
immaterial, as suggested by Mr. H. V. Field. With 
regard to Fig. 2, the action of the regulator is as stated 
by Mr. Field, but the paper is correct in stating that an 
effective voltage variation of F 3 on the output side is 
obtained. The current in the short-circuited coil is 
substantially zero at no load for all positions, as ex¬ 
plained on page 6. On load the value is given by 
formula (16), which shows that the current is directly 
proportional to the load and the same for all' positions. 

In reply to Mr. Peace, recent developments in design 
and the use of the astatic voltage relay have considerably 
increased the size of regulator which can be automatically 
controlled directly from the relay without intermediate 
contactors. For example, contactors would not now be 
necessary on a regulator of the size to which he refers. 

Mr. Peace's description of a heavy short-circuit on this 
regulator is of considerable value. The manufacturer 
is, of course, entirely dependent upon the operating 
engineer for information of this kind. 

The moving-coil regulator is in widespread use for 
X-ray work, particularly in the control of deep-therapy 
and treatment equipments. For radiography, where 
exposures of a small fraction of a second are necessary, 
it is usual to pre-set the regulator for the nominal setting, 
as described by Mr. Peace, and allow it to take care 


merely of incoming voltage variations. A high speed of 
operation may be necessary in these cases, of which an 
example is described in Section 6(e). 

Dr. Walton gives a valuable explanation of the con¬ 
ditions affecting magnetizing current—this should be 
read in conjunction with the remarks given earlier in 
this reply. The term “ leakage impedance ” has been 
used in the paper to mean a combination of leakage 
reactance with resistance, as suggested by Dr. Walton. 
In general, as stated in Appendix 1, the resistance can 
be neglected. 

In reply to Mr. Ball, the moving-coil regulator used 
as a potentiometer device is equivalent in effect to a 
tapped reactor. The distortion of wave-form on the 
secondary side is negligible unless the load is non-linear, 
as explained in Section 7(a) and illustrated in this dis¬ 
cussion by Mr. Fairley. 

Mr. D. C. Field refers to improvements in the effici¬ 
ency of the later tj^pes of moving-coil regulator. These 
are still continuing as manufacturing and design ex¬ 
perience is accumulated. The internal impedance of the 
concentric-winding type of regulator is in general so low 
that accentuation of transient drops due to heavy loads is 
negligible. The internal impedance canffie deliberately 
increased so that the regulator shall also act as a 
reactor in limiting short-circuit currents and thereby 
give protection not only to the regulator itself but also 
to low-rupturing-capacity switchgear, as suggested by 
Mr. Field. 

The torque of the induction-disc type of motor in¬ 
creases linearly with decrease in speed and is at maximum 
when stalled, so that it is inherently stable in operation. 
The minimum starting voltage is from one-half to two- 
thirds of normal, but this value can be reduced. All 
but the very largest regulators are now controlled directly 
by the astatic relay, even when several disc-type motors 
are required. 
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SUMMARY 

The major factor which hampers the progress of broadcast¬ 
ing is the lack of a sufficient number of channels in which 
to contain the increasing number of transmissions. In the 
present state of the art few, except local, stations can be 
received without interference from other broadcasting stations 
on frequency-contiguous channels unless the upper frequencies 
of modulation of the wanted station are severely attenuated 
and unless, therefore, reproduction is lacking in intelligibility 
and naturalness. This inter-station interference can be 
eradicated or minimized, and quality improved as regards 
" top ” reproduction, if all or part of one sideband of the 
transmitted spectrum is cut away. The cutting-away opera¬ 
tion on the side-band, however, produces harmonic distortion 
in the received signals. It is the object of the asymmetric- 
sideband system of transmission to cut away part of one side¬ 
band without introducing audible harmonic distortion. 

The paper gives a quantitative analysis which shows how 
asymmetry, either of phase or of magnitude, between two 
sideband components, created by any given modulation 
component, is related to harmonic distortion; and it is shown 
that this distortion is proportional, over a large range of 
values, to depth of modulation. The nature of the sound 
spectrum is such that the intensities in the upper register are 
much less than those in the lower middle register. Since the 
degree of asymmetry between counterpart sideband com¬ 
ponents is a measure of the attenuation of the cut-aw r ay 
sideband, this attenuation can be increased as the modulation 
frequency is made greater. This is tantamount to saying that, 
as the sideband frequency becomes more and more removed 
from the carrier frequency, it may be more and more 
attenuated while the distortion can be made to remain con¬ 
stant and small. Thus in asymmetric technique the outer 
parts of one sideband may be removed without the introduc¬ 
tion of audible distortion. 

Curves are derived, based upon the evaluation of expres¬ 
sions given in the quantitative analysis, which show the 
required attenuation-constant of filters which cut away part 
of one sideband but produce no more than a constant dis¬ 
tortion. It is proved that phase asymmetry between 
counterpart sidebands may give rise to more serious distortions 
than are created by magnitude asymmetry acting alone, and 
a network is described which keeps phase asymmetry to a 
minimum and yet gives a close approximation to the 
required attenuation. 

Accounts are given of practical tests wherein the quality of 
reproduction obtainable from an asymmetric transmitter is 
compared with that given by orthodox modulation. While 
it is true that a highly trained ear may, on rare occasions, 
be able to detect some slight differences between the two types 
of reproduction, when they are directly compared, the general 
public would be quite incapable of so doing, even if they 
possessed receiving apparatus so free from distortion itself 
as to give them an opportunity to do so. It is pointed out that 
it is better to face the occasional minute deteriorations in 
quality given by the asymmetric system than to suffer from 
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the continuous hissing and splitting sounds brought about by 
existing inter-station interference. 

In the latter part of the paper an analysis is given which 
shows that the asymmetric system has three possible applica¬ 
tions to space broadcasting as it is practised to-day, namely 
(1) It could be used to allow carrier difference frequencies of 
the order of 11—12 kc. without introducing any sideband 
overlap interference. (2) It could be applied to existing con¬ 
ditions, where carrier difference frequencies are of the order 
of 9 kc., and would reduce inter-station interference to the 
order of one-tenth its present value. (3) If existing inter¬ 
ferences are considered to be tolerable, then carrier difference 
frequencies can be reduced to 6 kc. without increasing inter¬ 
ference above its existing values; this implies that 1£ times 
the number of stations working in Europe to-day on exclusive 
waves could be accommodated in the existing waveband. 

It is suggested, finally, that a policy could be adopted such 
that the introduction of the asymmetric system would en¬ 
courage receiver development along lines wherein, by an 
augmentation of only the carrier component at the detector, 
all distortion due to the use of an asymmetric spectrum would 
be eliminated. Thus an evolution might be envisaged which 
led to the introduction of the ideal carrier and single-sideband 
type of transmission when all receivers were adapted to 
reduce the resulting distortion to a tolerable amount. 


LIST OF SYMBOLS 


« - + 0 . 


M 


N 


] 


r (i - 0. 

d — 4t8/My, d having suffixes to distinguish the 
nature of 8. 

fm — mean pass frequency of band-pass filter. 
f s = frequency of sideband component. 

/ 0 = carrier frequency. 

fi — lower frequency of cut-off in band-pass filter. 
/ 2 — upper frequency of cut-off in band-pass filter. 
A/ = frequency of modulating component. 

A/ w = a modulating frequency which, added to or 
subtracted from the carrier frequency, ex¬ 
presses a frequency at which a may be 
infinite. 

— modulation factor of carrier after passing 

through asymmetric filter. 

= modulation factor of carrier after passing 
through asymmetric filter when only mag¬ 
nitude asymmetry exists. 

— modulation factor of carrier after passing 

through asymmetric filter when only phase 
asymmetry exists. 
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LIST OF SYMBOLS— continued 
Mj<f = modulation factor of carrier before passing 
through asymmetric filter. 

S — magnitude of one sideband-component 
vector. 

t — time. 

a e = attenuation constant of equalizer. 

<Zr — desirable attenuation constant of asym¬ 
metric carrier-frequency filter if no de¬ 
modulation correction takes place. 

(Xt — desirable attenuation constant of asym¬ 
metric carrier-frequency filter with de¬ 
modulation correction. 

8 = distortion factor, i.e. ratio of second- 
harmonic amplitude to fundamental 
amplitude. 

8 ^ — distortion factor produced by magnitude 
asymmetry alone. 

84 , = distortion factor produced by phase asym¬ 
metry alone. 

S 0 = constant value of distortion chosen as toler¬ 
able or negligible in asymmetric systems. 
9 X and #2 = phase angles made by two sideband com¬ 
ponents, created by the same modulating 
component, with carrier component. 

£ — ratio (< 1 ) of amplitudes of two sideband 
components created by the same modulat¬ 
ing component. 

2(f> — algebraic sum of $ 1 and 0 2 . 

xfj — angle between vector resultant of two 
unequal-magnitude sideband vectors and 
the vertical. 

Am = 27 tA/. 

(1) INTRODUCTION 

A paper outlining the principles of the asymmetric- 
sideband system has already been published * That 
paper, which was designed to be no more than a pre¬ 
liminary survey of principle, is supplemented herein by 
a quantitative analysis which forms a guide to practical 
design. 

The object of the asymmetric-sideband system of 
transmission is to reduce the frequency band width 
normally occupied when a carrier is modulated (and when 
both sidebands are fully transmitted) without the intro¬ 
duction of audible distortion into the received signals. 
If this aim could be practically achieved, then the 
practice of broadcasting could be benefited in any or 
some of the following ways:—• 

(a) The existing carrier difference frequencies could be 
slightly increased and all sideband overlap intei'ference 
would thereby be eliminated, a benefit per se, and at the 
same time the quality of reproduction of radio pro¬ 
grammes with respect to the reproduction of the higher 
audio frequencies could be greatly improved. 

(b) The interferences associated, in the modern 
practice of broadcasting, with the working of stations at 
carrier difference frequencies less than twice the highest 
modulation frequency transmitted, would be reduced or 
eliminated. 

(c) If the interferences referred to in ( 6 ) are considered 
to be, in all the circumstances, tolerable, then, if the 

* Journal I.E.E., 1935, vol. 77, p. 517. 


asymmetric system was used, existing carrier difference 
frequencies could be reduced, and the number of stations 
which could work simultaneously in a given continental 
area could be thereby increased. 

One of the most important features of the system is 
that no alteration to existing receivers would be imme¬ 
diately necessary when the transmitters were modified 
to radiate the asymmetric spectrum; so far as the ordinary 
listener is concerned the service from local stations would 
appear to continue as before the changes were made, but 
some amelioration of inter-station interference would take 
place. Some modifications in reception technique would 
eventually be desirable, however, if the listener were to 
benefit to the greatest possible extent from the improved 
system of transmission. 

(2) OUTLINE OF PRINCIPLE 

It is proposed first to outline the basic principles of the 
asymmetric system qualitatively and thereafter to give a 
quantitative analysis forming a guide to practical design. 

When a carrier is modulated by a lower frequency three 
component frequencies are created, namely the carrier, 
an upper-frequency sideband component, and a lower- 
frequency sideband component. The asymmetric system 
is based upon the use of a filter which gives, at the higher 
modulation frequencies, a differential attenuation between 
the upper- and lower-frequency sideband components 
created by a given modulation component. This filter or 
a series of filters cutting away part of one sideband is 
connected at any point in the chain of circuits between 
the output of the circuit where the normally modulated 
carrier is generated and the input to the receiver detector. 
When the asymmetric system is applied, as for its 
greatest usefulness it should be, to the transmitter, a 
sideband-cutting filter is connected at any point in the 
chain of circuits between the. terminals where the 
normally modulated carrier is generated and the input 
to the transmitting aerial. 

The filter used for cutting away part of one sideband is 
designed to transmit the two sideband components 
created by low frequencies of modulation (and therefore 
having frequencies close to the carrier frequency) at 
substantially equal amplitude but to increase the attenua¬ 
tion of one sideband component relatively to its fully 
transmitted counterpart as the frequency of modulation 
(and hence the frequency difference of the sideband 
components from the carrier frequency) becomes greater. 
Fig. 1 illustrates the principle of the system. The 
Figure shows the frequency/attenuation and frequency/ 
phase characteristics of a band filter. / 0 is the carrier 
frequency, located asymmetrically with respect to the 
mean pass frequency of the band filter f m . (/ 0 ± A/ x ) and 
(/o ± A/ 2 ) are sideband component frequencies corre¬ 
sponding to modulation frequencies Af t and A/ 2 
respectively. When the modulation frequency is rela¬ 
tively low and has a value A/ x both sideband components 
are substantially equally transmitted, but when the 
modulation frequency has a value A / 2 , greater than A/ p 
one sideband component, of frequency (/ 0 — A/ 2 ), is 
attenuated, while the other, of frequency (/ 0 + A/ 2 ), is 
fully transmitted. 

Asymmetry between two counterpart sideband com¬ 
ponents introduces harmonic distortion in the received 
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signals. This asymmetry may either be an asymmetry of 
ma gnitude or the sideband components may have a phase 
asymmetry to the carrier. Both forms of asymmetry 
may be present simultaneously, both produce harmonic 
distortion. It will be shown in the quantitative analysis 
that the distortion introduced is, in practical conditions 
of working, generally proportional to modulation depth 
and is a function of the degree of asymmetry. 

It is kn own that the intensity of the components in the 
spectrum of sounds forming typical speech and music 
radio programmes falls rapidly as the frequency of these 
components increases above a certain frequency (of the 
order of 1 000-1 500 cycles per sec.). Hence if some 


sideband system carries the bulk of the energy, and 
because the distortion due to the cutting-away of the 
remaining spectrum is so slight, it is obvious that the 
average receiver will not remark any difference in har¬ 
monic distortion between the symmetric and asymmetric 
transmissions. 

The differential treatment of the sidebands, however, 
introduces not only harmonic distortion but, unless pre¬ 
cautions are taken to correct it, frequency-characteristic 
distortion as well. By the frequency characteristic is 
meant the curve showing the intensity of the'modulated 
output plotted against frequency, for a constant input 
modulation. Let M$ be the modulation factor of the 
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Fig. 1 

Points obtained experimentally, fo — 27 kc./sec., A/i = 1 kc./sec., A/ 2 = 5 kc./sec. 


value of distortion can be regarded, thanks to the ear’s 
tolerance, as negligible, this distortion may be kept 
constant (and negligible) in an asymmetric-sideband 
system provided the degree of asymmetry between 
counterpart sideband components is made a function of 
the probable depth of modulation occurring in practice. 
The fact that modulation depth decreases as modulation 
frequency increases makes it possible to cut away the 
components of one sideband more and more as they are 
of greater frequency-difference from the carrier without 
introducing more than a constant and negligible distor¬ 
tion. Thus in the asymmetric system the bulk of the 
modulated energy is radiated in a symmetric form; 
asymmetry is only introduced in frequency bands where 
the sideband energy is relatively small. Since in the 
proposed adaptation of orthodox technique a double¬ 


carrier before passing through the asymmetric filter and 
let Mji be the modulation factor of the carrier after 
passing through the asymmetric filter. Suppose, further, 
that the modulation frequency be varied while Mn is kept 
constant. At low frequencies of modulation both side¬ 
band components are equally transmitted by the filter, 
and M a = M n . At a frequency of modulation so high 
that one sideband component is relatively of zero 
amplitude compared with the other, the effective modula¬ 
tion of the carrier at the filter output terminals will be 
half its value at the input to the filter, or, for high mod¬ 
ulation frequencies, M A — Thus the overall fre¬ 

quency-characteristic of an “ uncorrected ” asymmetric- 
sideband transmitter would be represented by a curve 
showing a maximum at low modulation frequencies and 
falling through intermediate values to half that maximum 
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at high modulation frequencies. Thus the action of 
the sideband-cutting filter is partly to demodulate the 
normally modulated carrier. The distortion of the 
frequency characteristic may be corrected by connecting 
somewhere, between the input modulation terminals and 
the input to the modulating valve, a frequency-dis¬ 
criminating network designed to attenuate the modula¬ 
tions by half for the lower frequencies but to give them 
full transmission at high frequencies. 

It is necessary that the depth of modulation of the 
carrier in an asymmetric transmitter shall be sensibly 
the same as that obtainable in normal practice. Thus 
the asymmetric transmitter must embody, as well as the 
equalizer which attenuates the lower frequencies of 
the modulating spectrum, extra amplification, above that 
necessary for conventional technique, to raise the level 
of the modulations by an amount equal to the maximum 
equalizer attenuation. 

The result of amplification and attenuation in the 
correction system is to leave the intensity of the lower- 
frequency modulating components the same as if no 
corrector circuits had been interposed. The higher- 
frequency components of modulation are more and more 
amplified as their frequency is higher, the maximum 
occurring when the equalizer is fully transmitting and 
when the amplification doubles the normal intensity. 
The amplitude of any higher frequency can never exceed 
the normal maximum because the design of the equalizer 
circuits is proportioned by the audio spectrum intensities 
and so no overload takes place albeit the apparent 
modulation in each system, asymmetric and normal, is 
the same.* It is thus seen that, provided the circuits 
are correctly designed, the asymmetric system need 
introduce neither serious harmonic distortion nor any 
frequency-characteristic distortion even though a part of 
the normally radiated spectrum is cut away. 

The root question, the answer to which will alone 
determine whether or not the scheme has practical value, 
is whether the amount by which the normal spectrum may 
be narrowed is sufficient to justify the introduction of the 
resulting harmonic distortion. Evidently the quantities 
involved might be such that, in order to keep the distortion 
negligible, it would not be possible to cut away more than 
a small outer part of one sideband. On the other hand, a 
study might reveal that one sideband could be almost 
wholly eliminated without the harmonic distortion becom¬ 
ing intolerable. The question at issue can obviously only 
be answered in terms of a quantitative analysis, and it is 
therefore necessary to determine the relationship between 
the relevant parameters. More specifically, a quantita¬ 
tive analysis must give:— 

(a) The relationship between harmonic distortion, 
modulation factor, and the degree of asymmetry between 
counterpart sideband components. 

(b) The relationships between frequency-characteristic 
distortion and the degree of asymmetry between counter¬ 
part sideband components. 

(c) The relationship between modulation frequency and 
modulation factor in the spectrum of sounds forming 
typical broadcast intelligence, i.e. the frequency /intensity 
relationship in the spectrum of normal sounds transmitted 
in radio broadcasting. 

* See the Section on “ Equalizer Design ” (page 52). 


(3) QUANTITATIVE ANALYSIS 
General 

Fig. 1, already referred to, shows a typical attenuation 
and phase characteristic of a single-section constant -75 
type of band filter working between resistance termina¬ 
tions which match, or tend to match, the filter image 
impedance. f 1 and / 2 are the cut-off frequencies, and 
f m =» mean pass frequency = VC fifzi- Uie asym¬ 

metric system the carrier frequency is located between 
f x and f m but closer to f v or between / 2 and f m but closer 
to / 2 . If, in Fig. 1, the frequency of modulation is A/ 2 , 
then the amplitude of one sideband component of fre¬ 
quency (/ 0 — A/ a ) is less than the amplitude of the 
counterpart sideband component of frequency (/ 0 + A/ 2 ). 
But if the frequency of modulation is comparatively low 
and equal to A/j then both the sideband components 
are substantially equally transmitted. 

If the ratio of amplitudes of counterpart wideband 
components created by a given frequency of modulation 
is £, a ratio less than unity, then the magnitude of one 
sideband component (in the case considered that of lower 
frequency) is £ times that of the other. We may d efine £ 
as the magnitude asymmetry factor, the value of which 
may vary between zero and unity. 

A consideration of the phase characteristic of the filter 
will show that if the carrier is located near one cut-off 
frequency then the phase angle of one sideband com¬ 
ponent to the carrier is different from the phase angle of 
the other sideband component to the carrier. If 6^ and 

be these angles, then the algebraic sum (9 1 -|- 0 2 ) may 
be finite. We shall, for reasons which will be clear later, 
write [d 1 -4- # 2 )/2 — cf>, and call £> the phase-asymmetry 
factor. If the carrier has a frequency f m , <f> is always zero 
and phase asymmetry is wholly absent because only at 
this frequency is one half of the phase characteristic of 
the filter a mirror image of the other half. 

It will be helpful in developing the analysis to consider 
special cases, as follows:— 

(i) £ = 1 , £> = 0 (symmetric and normal transmission); 

(ii) £ < l, <f> — 0 (asymmetric transmission with ampli¬ 
tude asymmetry only); 

(iii) £ = 1, <f> finite (phase asymmetry only); 

(iv) £ <; 1 , £> finite (asymmetric transmission with both 
amplitude and phase asymmetry, i.e. the general case). 

Harmonic distortion when £ — 1, cf> = 0 
(symmetric transmission, Fig. 2) 

It is convenient, both to illustrate the method of the 
more complete analysis and to define symbols, to recapi¬ 
tulate a well-known analysis of modulation. 

It is the object throughout this Section to derive 
expressions which define the shape of the wave envelope 
resulting from the modulation of a high or carrier fre¬ 
quency by a lower frequency. The shape of the wave 
envelope is given (sufficiently accurately, even when dis¬ 
tortions are present) by a curve passing through points 
the ordinates of which are the positive (or negative) peak 
amplitudes of the modulated carrier while the abscissae 
represent the times at which these peak amplitudes occur. 
It is assumed throughout the work that the modulation 
is sinusoidal, that the unmodulated-carrier vector ampli¬ 
tude is unity, and that rectification is ,f linear.” 
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Fig. 2 shows the relevant vector diagram. OF, the 
unit-magnitude carrier vector, is considered to remain 
stationary and vertical. The sideband vectors FA and 
FB, each of magnitude S, are supposed to rotate in 
opposite directions at the same angular velocity, given by 
A tot — where A / is the modulation frequency 

and t is the time. ( An auxiliary circle is constructed 
with centre F and radius FR' equal to the arithmetic sum 



Fig. 2.—Symmetric transmission. 

f =i, i/j — o, M$r — o-6. 

-Locus of R. 

--Construction lines. 

- Vectors. 

2d' of the sideband-vector amplitudes. It is evident 
from a consideration of the triangle FR'R that 
FR = 2d' cos Acot and that the vector sum of the side¬ 
band vectors and the unit-magnitude carrier vector is 
OR = 1 + 2/S' cos A cot. If the magnitude of OR is 
plotted against Acot the resulting curve is a cosine curve. 
The peak and minimum values of the resultant are 
(1 + 2d) and (1 — 2/S) respectively, corresponding to 
values of Acot of 0 and 180° respectively. 

The process of rectification eliminates the carrier; 
and the resulting audio component, if there are no losses, 
and if the rectifier is linear, is given by the function 
1 + 2 /S cos A cot — 1 = 2 /S cos A cot. Thus the audio¬ 
component intensity is represented by the wave-envelope 
curve if this is drawn about a mean line whose height, 
above the horizontal zero axis passing through 0 (Fig. 2), 
is equal to the carrier amplitude. 

The modulation constant is defined as the ratio of the 
incremental peak volts, when modulation takes place, to 
the value of the carrier peak volts, or 

2/S 

— — = 2/S.( 1 ) 

Thus the values of the audio components after rectifica¬ 
tion are proportional to M N and there is no distortion. 


Harmonic distortion when £ < 1, ^ = 0 (asym¬ 
metric transmission with only magnitude 
asymmetry, Fig. 3) 

Fig. 3 is identical with Fig. 2 except that the vector 
FB is | times FA, £ being the magnitude-asymmetry 
factor and having any value between unity and zero. 
An auxiliary circle is drawn of radius FR' which is the 
arithmetic sum of FB and FA. A point G is chosen on a 
horizontal line passing through F so that FG is the arith- 



Fig. 3.—Asymmetric transmission, magnitude asymmetry 

only. 

£ = 0 - 5 , tj> — 0 ,M N = 0 - 6 ,M m = 0 - 4 : 5 . 

— - _ . Locus of R. 

----- Construction lines. 

- Vectors. 

metic difference between FA and FB. FR (not drawn) 
is the resultant of FA and FB. Knowing that FB = |FA, 
that FA = /S', and that S = ikfy/2 gives the equivalences 




FR' = a and FG — b 


where 


a = 2 (i + e) • • • . 

• • ( 2 ) 

and 

• 

7 M Nf, >V 

b = 2 (1 

■ • (3) 


The resultant of the three vectors OF (the carrier 
vector) and FB and FA (the sideband component vectors) 
is OR. The value of OR may be found at any instant of 
time by finding expressions for the x and y co-ordinates, 
namely CR and (OF + FC), of the point R. 

lit can be shown that 

x — b sin A cot . . . . . . (4) 

an d y — 1 + a cos A oot .... (5) 

whence 

OR = (a 2 cos 2 A cot + & 2 sin 2 A cot + 2a cos A cot +1)1 (6) 

It would be possible to derive the fundamental and 
harmonic values from expression ( 6 ). It is more logical, 
however, to derive a comprehensive expression dealing 







ASYMMETRIC-SIDEBAND BROADCASTING 


41 


with the general case where £ is less than unity and cf) is 
finite, when the value of the distortion component can be 
found for particular cases by writing = 0 and f < 1, 
or | = 1 and <f> finite, in such a general expression. In 
order, however, to check the findings of the analysis, 
Appendix I gives a simple method for finding an expres¬ 
sion for the distortion when <j> = 0 and £ < 1. In the 
meantime a further analysis of the case here dealt with 
may help to clarify what follows. 

The locus of R is an ellipse having axes given by the 
vector magnitude of FR. Evidently, from (4) and (5), 

FR — (5 2 sin 2 A cot -f a 2 cos 2 A eot)& 

or, substituting the values of a and b in terms of M N 
and £ 

FR = ^(1 + 2g cos 2Acoi + i 2 )i . . (7) 

A 



Fig. 4. —Asymmetric transmission, phase asymmetry only. 
? =!,(/>== < 16 °. M N = 0 - 6 , M A(j) = 0 - 04 . 

—< - —< - Locus of R. 

---Constructionlin.es. 

——— Vectors. 


In the limits £ = 1, g = 0, the locus of R becomes 
either a straight line (symmetric modulation) or a circle 
(single-sideband transmission). A diagram showing the 
locus of R and the wave-form resulting for the values 
£’ = 0 ■ 2, Mjj = 1, is given in Fig. 6. 

The increment of peak volts above the earner due to 
modulation, divided by the carrier amplitude, is called 
the modulation factor. Asymmetry between counter¬ 
part sidebands introduces a demodulating effect, and the 
modulation factor no longer has a value M N but a new 
and smaller value M A . 

From the expressions derived, and by a consideration 
of Figs. 3 and 6, it can be seen that we may write 

Ma = o = ^2(1 + f) . . . . (9) 

and that M A — when £ — 1 (symmetric modulation) 



Fig. 5.—Asymmetric transmission, general case, 

f-.0-6,4-45' °,M N = 0-6, M A — 0-41. 

-- —— Locus of R. 

- - Construction lines. 

■ Vectors. 


The angle made by FR with the vertical is 

ijj — A cat — arc tan £ sin 2Acoi _ , . (g) 

r 1 + | cos 2A lot K 1 

If A cot = 0 in equations (7) and (8), 

Mkt 

(FR)A<of=o = —2~(1 + £) — a, and (FR) A(oi=0 is vertical. 
Or, if A cot — 90°, 

(F r )a w <== 90 ° — i) — b, and (FR) it)i=90 » is horizontal 

which is obvious from Fig. 3. 


and that M A = when £ = 0 (single-sideband trans¬ 
mission) . 

It is seen that the resultant vector OR swings from one 
side to the other of the vertical and that this swinging is a 
measure of the distortion. As £ decreases so the 
divergence of the magnitude of the resultant from its 
value when £ — 1 becomes greater, reaching a maximum 
when | = 0, i.e. when one sideband is completely re¬ 
moved. The divergence is a maximum when A cot =90° 
and 270°, i.e. when, in symmetric modulation, the carrier 
has its unmodulated amplitude. Clearly the distortion 
is almost wholly in the nature of a 2nd harmonic. It 
will be assumed hereafter that the distortion factor is 
measured wholly by the amplitude of the 2nd harmonic 
divided by the fundamental. 
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Harmonic distortion when | = 1 and cf) is finite 
(asymmetric transmission with only phase 
asymmetry, Fig. 4) 

It is extremely unlikely, in the practice of asymmetric 
transmission or reception, that phase asy mm etry will be 
considerable if the magnitude ratio of the sidebands is 
unity, but the case is treated separately here in order to 
lead up in a logical way to the general case where £ and <j> 
are both variables. As has been shown elsewhere,* when 
the sideband-component vectors have equal amplitude 
but unequal phase-angles with respect to the carrier 
vector the locus of their resultant (R, Fig. 4) lies along a 
straight line inclined to the vertical at an angle cf), which 
is equal to (6 1 + 0 a )/2 where 0 X and 0 2 are the angles 
made by the sideband-component vector with the carrier. 


If = 90° {6 1 + 0 a = 180°), 

(OR)fflffit. = (OR )min. — -f 1)1 

and the resulting wave-envelope contains no fundamental 
component and is wholly of the form of a harmonic of 
the modulating component. This fact was revealed by 
Johnstone and Wright.* 

A diagram showing the resulting wave-form distortion 
is given in Fig. 7 for certain values of M N and <f>. The 
maximum distortion is seen to occur when A ok = 0 and 
180°; this proves that, while phase asymmetry, like 
magnitude asymmetry between sideband components, 
produces a swinging of the resultant OR about the 
vertical, the resulting harmonic, which is also mainly of 
double the fundamental frequency, has a 90° phase- 



The angle 2<f> is in fact the algebraic sum of the sideband 
phase-angles and is finite when 9 1 0 2 . qS is thus the 

phase-asymmetry distortion-factor. 

A diagram illustrating the case is given in Fig. 4, and 
it can be shown from this that the co-ordinates of R are 
given by 

x — Mtf cos Acot sin cf> .... (10) 

V — 1 + Mjg cos Acot cos cf> . . . (11) 

whence 

OR = (Mjy cos 2 Acot + 2Af 2 y cos A cot cos (f> + 1)1 (12) 

Evidently, by writing Ac at — 0 or A cot — 180° 
respectively, 

(OR)®©. ~ (IRjv -f- 2Ilf jy cos cf> -f- 1)1 . (13A) 
(OR )min. — (fRjy — 2.Mjy COS (j> -f- 1)1 . (13B) 

* Wireless Engineer, 1936, vol. 13, pp. 517, 534. 


difference from that produced by magnitude asymmetry. 

An approximate expression for the distortion is given 
in Appendix I. 

Harmonic distortion when £ < 1 and cf> is fini te 
(general case of asymmetric transmission) 

From previous reasoning it is clear that when £ < 1 
and is finite the locus of R lies on an ellipse the major 
axis of which is inclined at an angle 0 to the vertical. 
Three examples are illustrated in Figs. 8, 9, and 10. 

It can be proved from Fig. o that 

x = a cos Acot sin <£> + b sin Acot cos <f> . . (14) 

y = 1 + a cos A cot cos <j) — b sin A cot sin cf> (15) 

Appendix II shows that an approximate value for the 
distortion and demodulation caused by both magnitude 

* Wireless Engineer, 1936, vol. 13, p. 534. 
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and phase asymmetry of counterpart sidebands may be 
obtained by writing 


(* 2 + T/ 2 )* ~ y(l + = y + 


ar 
2 y 


x z 

‘ y + i 


There are thus two approximations: one is based upon 


where FC does in fact greatly exceed OF (Fig. 5) and 
where, therefore, y is considerably greater or less than 
unity, x is very small and therefore 


ar 


y+ T y ^ y 




Mj y = 1, f = 1, 2 i/j = 30°, M m = 0-95, 5,J, - 7-4 %. 


the fact that ^(1 + z ) — 1 + where Z is a quantity 
not much greater than 1; the other is to assume that y 
in the denominator of the fraction m 2 /(2 y) is always equal 
to the unmodulated carrier amplitude (assumed to be 


There are, however, possible conditions where the 
approximation cannot be justified, and these occur when 
£ is unity or nearly unity, cf) is pf moderate value, and M N 
is large. But if £ and M have the value unity and '<j) is 



Fig. 8 

M N = 1, f = 0-0, 2<j> = 20°, Mj_ = 0-77, 8= 2-8 %. 


unity). It will be seen that, in the majority of cases, 
.x does not in fact exceed y. Consideration also shows 
that the assumption that y can be written as unity in the 
ratio x % j{2y) is justified in the majority of cases because. 


large, the approximation gives a true result just as it 
does if, whatever the values of £ and M N , cf> is zero, 
i.e. the approximation is justified in the case where only 
magnitude asymmetry exists. 
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Fundamental 



Fig. 9 

M N = 1, f = 0-4, 2(j> = SO 0 , = 0-585, S = 12 %. 

The accuracy of the formula derived from the approxi- and that the modulation factor is given as 
mation can be judged from a study of Table 1, which is 
referred to again hereafter. It should, lastly, be noted 

that in the practice of asymmetric technique the approxi- (1 + + 2^ cos 2 cf>)b . . (17) 

mation is practically always justified. 


Fundamental 
\_ 



Fig. 10 

M N = 1, f = 0-2, 2,/, = 180°, M A = 0-4, S = 24-6 %. 


Thus Appendix II shows that the general case of 
asymmetric transmission can be analysed by writing 
that, if £j< 1 and c/> is finite, the distortion is given by 


^ _ M% 1 + f 2 — 2f cos 2cf> 

8 (1 + i 2 + 2^ cos 2cf>)$ 


The expressions for the special cases can be written as 
follows:— 

When £ < 1, <f> — 0 (magnitude asymmetry only), 

. (i 

f s (i + i) 


(18) 


... (18) 
(see Appendix I) 








Fig. llB 

= 0-75. Figures on curves denote values of 8, expressed as percentages. 


Fig. 11c 

M]$= 1. Figures on curves denote values of S, expressed as percentages. 
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Mat 

—— (I + £) .(19) 

[see equation (9)] 


When £ = 1, cf) is finite (phase asymmetry only). 


£ M nV 2 (1 — cos 2tf>) 

8 (1 + cos 2 (f})i 

M A<j) = M N ^2(l + cos 2(f>)- 


( 20 ) 

( 21 ) 


It is relevant to note in (21) that, if qf> = 90° 
(6 1 + (?2 = 180°), — 0; showing, what has been 

previously mentioned, that, in this condition, the carrier 
is completely demodulated. Since this fact can be 
proved from (12) and (13), which are not approximations. 


tion (20) can be used for medium values of cj> without 
introducing an error much above 10 % provided the 
modulation is less than 50 %. 

A great many 'cases were analysed by graphical 
methods in the way illustrated in Figs. 6-10 inclusive, 
and Table 1 gives a comparison of the results (for M N = 1) 
with those derived from equations (16) and (17). It is 
seen that the formula is accurate within the limits given. 


Analysis of the Sound Spectrum 

The conception of the asymmetric system is based upon 
the assumption that distortion may be kept constant and 
negligible, because, as asymmetry is increased between 



Fig. 12 

Mjy — 1. Figures on curves denote values of 

evidently (20) and (21) are accurate whatever the values 
of £ and provided that cf) is large. 

In order, however, to supplement the information given 
by equations^ 16) to (21), derived from the approxima¬ 
tions, it has been thought advisable to determine the 
degree of distortion when £ = 1 and cf) is finite and 
of medium value. It is a pity that the analysis given 
in the paper by Johnstone and Wright cannot be 
used, but, as has been pointed out,* it does not appear 
to check with straightforward graphical analysis. The 
author felt that in these circumstances it would be best 
to resort to a graphical method to derive the distortion.! 
The results are shown in Figs. 13a and 13b, and prove 
(Fig. 13a) that, when | = l and cf> is finite, for values of 
modulation below 50 % the distortion is proportional to 
modulation, and (Fig. 13b) that the approximate equa- 

* Wireless Engineer, 1936, vol. 13, p. 517. 

t An approximate formula, given in Appendix I, applies when <b is of moderate 
values and M s is large (see Fig. 13b). 



AfVjper cent 


Fig. 13A 

sideband components by the sideband-cutting filter, the 
modulation factor, on account of the nature of the 
sounds transmitted, becomes smaller. The foregoing 
expressions relating distortion and demodulation with 
phase and magnitude asymmetry would be useless in 
determining the requirements of the sideband-cutting 
filter unless supplemented by a knowledge of the relation¬ 
ship between and the modulation frequency A/. 

A great deal of work has been done in attempting to 
determine the nature of the sound spectrum. It is not 
proposed here either to discuss the methods adopted by 
other workers or necessarily to use the results so obtained. 
What we require to know in designing the asymmetric 
system is more a probability of the distribution of the 
magnitudes of the components within the spectrum of 
typical speech and music sounds than to be influenced 
by exceptional conditions. 

The author some 7 years ago devised a method for 
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analysing this probability. The circuits used comprised 
a resistance-coupled tuned circuit tuned to different audio 
frequencies, and the momentary peak maxima developed 
across this circuit, when energized from a microphone 
output, were measured by a " slide back ” voltmeter. 
The measurements were repeated in 1936 and gave sub¬ 
stantial agreement with the earlier results. Hence the 
curve of Fig. 14, derived from an average of hundreds of 
observations, is taken as a guide for designing asym¬ 
metric-sideband filters. 

It is not said that the curve is truly representative of 
the possible maxima which may on rare occasions occur, 
but it is argued that if it is used to guide the design of 
the system under discussion it is unlikely that such a 



0 20 40 60 80 100 


2 ^degrees 

Fig. 13B 

ooo Points derived from expression in Appendix II. 

- Graphical analysis. 

- - - - - - From approximate formula (1G). 

system will give, over a long period of listening, any 
distortions which could be considered intolerable. In¬ 
deed, the choice of the values in Fig. 14 can only be 
criticized in terms of the performance of the asymmetric 
transmission system, rather than in terms of its com¬ 
parison with other results obtained with a different 
object in view. , 

Summary of the Analysis 

The analysis shows that both phase and magnitude 
asymmetry between. counterpart sideband components 
created by any given modulation frequency produce a 
distortion of the modulated-wave envelope and that this 
distortion takes chiefly the form of a 2nd harmonic of 
the fundamental. 1 

The conception of the asymmetric systems implies that 


magnitude asymmetry between sideband components 
must be present. The analysis, however, reveals a point 
of major importance, namely that if both phase and 
magnitude asymmetry exist together in considerable 
degree, then the distortion will be very much greater than 
if magnitude asymmetry existed alone. It is practically 
impossible in the asymmetric system for phase asym¬ 
metry to exist without some magnitude asymmetry, but 
evidently phase asymmetry is dangerous when magnitude 
asymmetry is not very pronounced. Phase asymmetry 
may introduce a very serious demodulation of the carrier, 
a demodulation which could be, even in practical con¬ 
ditions of working, far greater than that introduced by 
magnitude asymmetry. It will be shown later, however, 
that it is possible to avoid the effects of phase asymmetry 
and yet produce a very large attenuation of a part of 
one sideband. 


Curves relating £ and <[> for constant values of 3. 

The summary to this analysis is given in a form con¬ 
venient for direct consultation by engineers engaged in 



0-2 '0-5 1 2 3 4 5 6 78 10 

A/jkc/ 

Fig. 14.—Analysis of sound spectrum (author’s results). 


designing asymmetric-sideband systems. This summary 
is to be found in Figs. 11a, 11b, and 11c, where curves of 
constant distortion are plotted against £ and 2<7>. 

Fig. 11a gives a set of curves derived from equation (16) 
for Mjy = 0*5 (50% modulation). Values are only 
given which are likely to have practical relevance to 
asymmetric technique. The - full-line curves represent 
the cases where the approximate formula applies for all 
values of M N , and the broken-line curves apply for 
all values of M N below and including 0-5. The dis¬ 
tortion can thus be assessed for any value of M N , if 
the full-line curves are used, by multiplying the distor¬ 
tion found from Fig. 1 1a by the new modulation factor, 
at which it is required to find the distortion, divided by 
0-5. The dotted lines are only used if M$ exceeds 0-5. 
Figs. 11 b and lie show the curves which apply where 
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8 is not always proportional to Mr. The curves are 
drawn for modulation factors of 0-75 and 1*0 respec¬ 
tively. These curves are derived from the information 
given in Figs. 13a and 13b, which were in turn derived 
from a graphical analysis. The charts, taken together, 
give all the required information and meet all practical 
cases. 

The points on the curves of Fig. 1 1 a where £ < 1 and 
4 1 i s fi^e were found by plotting curves of 8 against 4 for 
different values of The values of £ and 4 for constant 
values of 8 were then read off directly and transferred to 
Fig. 11 a. This simple method was adopted because the 
conversion of (16) to express £ in terms of the constants 
and S and the variable 4 (or vice versa to ex¬ 
press 4 i n terms of the constants Mjy and 8 and the 


Curves relating f and <j> for constant values of Ma- 
The degree of demodulation of the carrier, given 
certain values of magnitude and phase asymmetry, can 
be readily found from the chart of Fig. 12. In order to 
plot the required curves we may resolve (17) and show 
that 

| - cos 2 4 ± [cos 2 2 4 + (4M 2 - 1)]* 

and so give M A constant chosen values and find £ for a 
given value of 2 4- Evidently £ must he between 0 and 1. 
It can have alternative values of 

| = — cos 2 4 + [cos 2 2 4 + (4M^ — 1)]4 

and £ = — cos 24 —- [cos 2 2 4 + (4M 2 — l)Ji 


Table 1 


Fon Mjy = 1 


Values of J and 2 tf, 

Results of graphical 
analysis 

Results from chart of 

Figs. 11 and 12 

Ratio of results of graphical 
analysis to those from charts 

1 

2 (f) 

S 

Ma 

& 

Ma 

S 

Ma 

1 

30 ' 

7-4 

0-95 

2* 

0-97 

3-7 

0-98 

0-8 

20 

2-8 

0-88 

0-8* 

0-875 

3-5 

1-005 

0-8 

40 

6-8 

0-89 

3-0* 

0-85 

2-26 

1*05 

0-6 

20 

2-8 

0-77 

1-8 

0-78 

1-55 

0-99 

0-6 

40 

4-0 

0-77 

5-5 

0-75 

0-73 

1-025 

0-6 

100 

14-2 

0-6 

18-5 

0-52 

0-77 

1-15 

0-4 

40 

6-3 

0-66 

5-0 

0-66 

1-26 

1-00 

0-4 

80 

12-0 

0-585 

11*1 

0-57 

1-08 

1-02 

0-4 

100 

16-0 

0-52 

16-0 

0-51 

1-00 

1-02 

0-2 

0 

7-0 

0-6 

6-8 

0-6 

1-03 

1-00 

0-2 

40 

7-3 

0-565 

8-0 

0-57 

0-91 

0-99 

0-2 

90 

12-1 

0-495 

13-2 

0-51 

0-92 

0-97 

0-2 

180 

24-6 

0-4 

22-3 

0-4 

1-1 

1-00 


* These values are for cases where the approximation is no longer justified and where Figs. 11 b and 11c must be used. Note the good 
agreement for Ma, which does not depend upon an approximation. 


variable fj) involves rather heavy algebra and it was 
thought that the use of curves would be quicker, simpler, 
and probably more reliable. 

Certain fixed points can, however, be obtained by 
giving 4 certain specific values and then expressing £ in 
terms of Mj$ and 8. Thus when 4 — 0 it can be shown 
from (18) that g is given by 

(£)<i 1=0 = (1 + d x ) — [<4(8^ + 4)]1. . (22) 

where d x = 48f/2kfy 

and from (16) that, when 2<jk = 180°, 

(£)z<l> =180° = [^ 2(^2 ~f" 4)jp — (1 4- d 2 ) . (23) 

where d & = 48^/Ik+v. 

Points derived from (22) and (23) can be plotted directly 
on the charts without reference to curves. We may also 
convert (20) for Fig. 11 a to give cos 4 in- terms of M jy 
and 8. If d z = then 

24 = arc cos [l + d\ — d 3 (d 2 + 4)4] . (24 


provided always the resulting values lie between 0 and 1. 
If M a =0-5, then 

0-5 = - 2 cos 2 4 

so that, to be real, 2 4 must exceed 90°. Thus when 

2 4 — 90 °> {£)m a = o-5 = 0; 
and when 2^ = 120°, {£)m a = 0-5 = 1- 

(4) DESIGN OF ASYMMETRIC-SIDEBAND 
TRANSMISSION SYSTEM 
Asymmetric Carrier-Frequency Filter 

The foregoing quantitative analysis furnishes all the 
information necessary to enable an expression to be 
determined for the required attenuation/frequency 
characteristic of a sideband-cutting filter which would 
give a constant and, it is believed, negligible distortion. 

The increasing asymmetry factor as the modulation 
frequency increases is obviously a measure of increasing 
attenuation and distortion. But as the modulation 
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frequency increases the modulation factor decreases, and 
so distortion is kept constant and negligible. 

If £ is known for any given modulation frequency (and 
hence sideband-component frequency), then, assuming 
that one sideband component is fully transmitted, a (the 
attenuation constant), which is a function of the reciprocal 
of £, will also be known. Since expressions exist to 
relate £ with S and Mjf, therefore it is possible to find 
a value of a which, with a given value of Mjy, keeps 8 
constant for any given sideband frequency. 

It has been shown that, if phase asymmetry is 
neglected, then 

My (1 - H 
8 1+| 

This equation must be converted so that £ is given as a 
function of and 8%q; the latter being a constant, 
small, and negligible value of 8%. This will give a value 
of £, at any particular modulation frequency, given by 
the value of Mjy at that modulation frequency and the 
constant 8$q. The values of £ required at any given 
modulation frequency can then be converted to the values 
of a at the corresponding sideband frequency. Such 
values of a plotted against sideband frequency will then 
give the attenuation curve of a filter producing a constant 
distortion S^o- 

The required curve having been found, the procedure 
will then be to choose a network giving as nearly as 
possible the required attenuation/frequency charac¬ 
teristic. The phase asymmetry introduced by such a 
network can be assessed either by calculation or by 
experiment. This will give values of both £ and <f>, and, 
from the charts of Figs. 11 and 12, the total distortion 
and demodulation can be found. If phase asymmetry 
appears to add more than a tolerable amount of distor¬ 
tion to that inevitably existing owing to magnitude 
asymmetry, alternative networks must be studied until a 
satisfactory compromise is reached; design requirements 
are revealed through trial and error. 

Equation (22) expresses £ in terms of M$ and 8. 
This, however, applies to a system in which the overall 
characteristic of the transmitter would not be level, 
since as £ decreases the effective modulation of the 
carrier also decreases. This demodulation must be 
corrected in some part of the system. Correction must 
take the form either of multiplying the input modulations 
or of multiplying the output from the detector by a 
factor Equation (22) expresses the case where 

no correction-is applied. 

It is, in theory, immaterial whether correction takes 
place in the receiver (as an audio compensation in the 
post-detector circuits) or in the transmitter. In prac¬ 
tice, however, correction of the asymmetric filter de¬ 
modulation must take place in the transmitter, otherwise 
existing receivers would remark the changes when any 
transmitter was adapted to the asymmetric system. 
It is, however, pertinent to observe that correction for 
demodulation makes it necessary to include more of the 
cut-away sideband than would be necessary if demodu¬ 
lation correction were not applied. In order to illustrate 
this point two cases are considered throughout the paper, 
namely one in which correction is applied and the other 
where it is assumed to be absent. 

Vol. 83. 


If demodulation correction is used, then the equation 
for S|o is given by multiplying the value of obtained 
from (22) by 

M n M n (1 - £f 


Thus 

Or, from (19), 




8 


x 


1 + f 


8 * 


£0 


M N ( 1 - 1 
4 Vi + £ 


If again we write d — iSgo/M-y, then it can be proved that 

^ (Vd - l) 2 


= 


d 


(25) 


showing the value of £( = £ R ) when demodulation correc¬ 
tion is applied. 

Equation (22) expresses the value of 8 when the fre¬ 
quency characteristic is not level. Converting (22) to 
give £r, 

£r = (1+ d) - [did -I- 4)]i . . . (26) 


We may write that the attenuation constant of the 
sideband components of reduced amplitude is given in 
decibels by 

a = 20 log 10 1 
Or, from (25) and (26), 

ar “ 201og i»(^vV 2 ' ■ ' (27) 


rj ' n 20Iogl11 (1 + d) - [rfM 4)]l ■ 

Equation (27) shows that as d gets nearer and nearer to 
unity, ay approaches infinity. Equation (28) shows that 
when d = 0*5, a# is infinity. 

Thus it is seen that, with demodulation correction, 
distortion will not be increased above a certain value 
even though one side-band component is completely cut 
away, always provided that the modulation factor M& 
does not exceed a value 4§^ ( ). Similarly, when the fre¬ 
quency characteristic is not level, the sideband may be 
wholly removed provided the modulation factor does not 
exceed 88^. Writing the particular values of these 
modulation factors as and M R t mR respectively, 

evidently = 21k T NaoT . 

But Mi y is a function of the modulating frequency A/ 
and decreases as A/ increases (see Fig. 14), so that 
M-Nc^t may be related to a modulating frequency A f rJ0 y 
and M NcoR to a modulating frequency A f mR . Since 
M Nk r = 2M NroT , therefore A/ OT y < A/ rj0 y. But the 
filter attenuation characteristic is a curve plotting ay or 
ay against carrier frequencies (/ 0 ± A/), and the fre¬ 
quencies above or below which the attenuation constants 
may be infinite may be expressed as (/ 0 ± A f rJ3 y) or 
(/o ± A/ W y), showing that since A f^R < A/ W y the 
frequency at and above or below which the attenuation 
may be infinite is closer to the carrier frequency / 0 if no 
demodulation correction takes place than when it is 
applied; or, by implication, that more of one sideband 
may be cut away if the frequency characteristic of the 
transmitter is allowed to remain unlevel than if it is 
arranged to be corrected. 

This fact is obvious when it is realized that, to 
correct the frequency characteristic, Mj$ must be 
multiplied by 2/(1 -f i), and that this increasing modula- 

• 4 
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tion of the carrier as £ decreases must introduce a greater 
distortion which can only be compensated for by allowing 
for less asymmetry at a given modulation frequency than 
if M n did not have to be increased above its normal value. 

The curves in Figs. 15a and 15b show the values of 
attenuation plotted against sideband frequency (ex¬ 
pressed as A/ — fo — f s ) for the two cases. 

It will be appreciated that, if Sjo (and hence d) has a 
value greater than zero, then even at sideband-component 
frequencies infinitely close to the carrier frequency a 
also will be greater than zero. But since one set of 
sideband components is transmitted with zero attenua¬ 
tion the curve plotting the attenuation constant against 
frequency for the requirements implicit in (27) and (28) 



Ay,kc 


Fig. 15A .—Modulation-characteristic corrected. 

Figures on curves denote values of <5^, expressed as percentages. 

- Desired attenuation. - -From ——- 
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per sec. to a point representing / 0 and zero attenuation 
by a curve estimated to represent the probable curve 
obtained in practice. Curves derived from (27) and (28) 
and smoothed to fit practical working conditions are 
given in Figs. 15a and 15b. The broken lines are values 
given by (27) and (28) at the lower frequencies. It has 
been assumed that it is the lower-frequency sideband 
which is cut away; it might equally have been the higher. 

The required attenuation curve of the band filter 
wherein the lower-frequency sideband is cut away is thus 
one in which attenuabon should increase gradually from 
the cut-off frequency as the frequency decreases, but 
wherein, as this frequency decreases still further, the 
attenuation may increase very rapidly and below a 
certain side-band frequency may become infinite. 

The problem of designing such a filter would be most 
nearly solved, so far as the production of the correct 
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Fig. 15 b .—Modulation-characteristic uncorrected. 

Figures on curves denote values of d fa, expressed as percentages. 
-Desired attenuation. -- - From — 4 ^ _ j-^ j 


will show a discontinuity at the carrier frequency. This 
is because it has been assumed that some distortion is 
tolerable at ’all sideband frequencies. Actually, equa¬ 
tions (27) and (28) should be considered to apply only 
for those sideband-component frequencies created by 
modulation components having frequencies greater than 
that (say 1 200 cycles per sec.) where modulation de¬ 
creases with increasing frequency of modulation. In 
drawing the criterion attenuation/frequency charac¬ 
teristics for asymmetric-sideband carrier-frequency filters 
it will be necessary, therefore, only to use (27) and (28) for 
sideband-frequency values above or below (/ 0 ± 1 200) 
cycles per sec., say, and to join the point showing the 
value of ay or c/. R for a frequency of (/ 0 i 1 200) cycles 


frequency/attenuation characteristic is concerned, by the 
use of a single 3- or 4-element section matched with a 
section having a little lower than (/ 0 — Af x ). This 
solution fails, however, because the phase characteristic 
of such a combination would give intolerable phase-asym¬ 
metry distortion. A single section would tend to give 
the correct attenuation/frequency characteristic over a 
range of frequencies close to the carrier frequency but 
would not greatly attenuate the outer parts of one side¬ 
band, thus not being as effective as desirable in bringing 
out the possible merits of the system. 

It might be possible to produce the required charac¬ 
teristic by associating filter sections having " staggered ” 
cut-off frequencies. According to this idea, and if the 
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lower-frequency sideband were being attenuated, one filter 
section might have a lower cut-off frequency at/ 0 kc./sec., 
the next at (/ 0 - 1) kc./sec., the next at (/ 0 - 2) kc./sec., 
and so on. It would be necessary, since their cut-off 
frequencies would be different, to decouple each section 
from the other, and this would be very simply done 
either by using decoupling-resistance networks matching 
or tending to match the filter-section image impedances, 
or by valves. Some amplification would in any case be 
necessary to compensate for the losses in the resistance net¬ 
works, and therefore some sections could be coupled by 
valves directly and others by resistance networks. The 
phase characteristics of such combinations would tend 
to be more uniform than if an f K section were used, 
because the carrier would be located nearer and nearer 
(in the case considered where the lower-frequency side¬ 
band was attenuated), in each successive filter, to j m . A 
quantitative study of such a system shows, however, 
that while the expected tendencies are revealed the 
actual phase distortion becomes too large to be acceptable. 

The preferred solution to the problems lies in using a 
constant-^; band-pass filter section in combination with 


characteristic provided always the flexures in each filter 
are equal and opposite to one another. 

Considering the case in which the lower sideband is 
attenuated, consultation of textbooks on wave filters will 
show that a single-section constant-^; band-pass filter 
terminated in a resistance has a phase characteristic 
which, over the range of frequencies between its lower 
cut-off frequency and frequencies less than /,&, has a 
flexure such that the rate of change of 6 with frequency 
decreases as the frequency decreases. The curve thus 
flattens out as the frequency decreases, becoming 
asymptotic to a zero value of 9 at zero frequency. In a 
constant-^ band eliminator, however, the rate of change 
of 6 with frequency increases as frequency is decreased 
from a value greater than / 2e (the upper cut-off frequency 
of the band eliminator) to / 2e . Suppose the networks of 
Fig. 16 are arranged so that the carrier frequency / 0 is 
coincident with the lower cut-off frequency of the band 
filter and that the value f me for the band eliminator 
approximates to (/ 0 — Af x ) while the upper cut-off 
frequency/ 2 e of the band eliminator is a little greater than 
f me but less than (/ 0 — A/«,)■ Consideration will show 
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Fig. 16 


a constant-^ band-elimination filter section. A network 
of this form is shown in Fig. 16. The resistance net¬ 
work, which is, more suitably, replaced by valves, is 
introduced in order that the two sections, having different 
image impedance/frequency characteristics, may be dis¬ 
sociated electrically from one another. The importance 
of the scheme lies in its facility to eliminate phase dis¬ 
tortion and at the same time to give the correct form of 
frequ en cy/attenuation characteristic. 

Let 6 be the phase angle between currents entering 
and leaving a filter. Let 6 0 be the value of 6 at a carrier 
frequency / 0 , and let 6^ and # 2 respectively be the values 
of 9 for frequencies corresponding to any two sideband 
frequencies (/ 0 + A foe) and (/ 0 - A fx). 

The requirement for phase symmetry between counter¬ 
part sideband components is that the total effect of the 
network shall be to make (9 0 — 6^) — (# 2 — # 0 ), it being 
assumed that 0 2 > 9 0 > 6 V This condition is fulfilled 
if, in two networks, such as those shown in Fig. 16 
and connected so that the final output is deter¬ 
mined by their combined performance, the sum of the 
differentials expressing the rate of change of 9 with 
frequency, at a number of frequencies in the working 
sideband range, is equal to a constant. This implies that 
either of the filters alone may have a flexure in its phase 


that, given these conditions over a working range of fre¬ 
quencies / 0 to (/ 0 — / 2e ) and because the flexures of the 
two phase characteristics are inverse, the sum of their 
differential constants will tend to be a constant, i.e. the 
combination of the two characteristics tends to be a 
straight line of the- form y = lex. 

At frequencies less than (/ 0 — / 2e ), i.e. within the 
attenuation band of the band eliminator, very violent 
phase-changes take place and phase asymmetry is 
extremely pronounced. t But obviously, in this band of 
frequencies, attenuation of one sideband component is so 
great, band eliminator and band pass combining their 
attenuations, that f is virtually zero and no added dis¬ 
tortion due to phase asymmetry can take place. At 
frequencies greater than/ 0 the rate of change of the band- 
eliminator phase characteristic tends to become very 
small while that of the band-pass filter is constant. 
Thus phase distortion is virtually eliminated by the 
combination of these inverse networks, while, thanks to 
the contributions made by the band eliminator to the 
attenuation given by the band-pass filter, the outer parts 
of one sideband are very greatly attenuated. ‘ 

This result can be seen to be only obtainable by com¬ 
bining the performance of different types of filters 
having phase characteristics which are arranged to have 
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inverse flexures over bands of frequencies wherein, in 
asymmetric technique, one sideband component is ■ of 
magnitude comparable with its counterpart. 

Equalizer Design 

It has been shown that when a-modulated carrier is 
passed through the sideband-cutting filter it suffers a 
demodulation at the output terminals of that filter. The 
demodulation ratio is given by or, if — 1, as 

in Fig. 12, by M A , Evidently the compensation required 
is to arrange for the input modulations to be multiplied 
by 1 }M A . Let this multiplication factor be written 
p = 1 fM A . Now M. A has boundary values corresponding 
to £ = 1 and £ = 0 (low modulation frequency and high 
modulation frequency, respectively) of 1 and 0-5. 
Evidently, since M A has values less than unity, p has 


valve, or between the detector output and the loud¬ 
speaker, the network being characterized by an attenua¬ 
tion constant given by 

a e = 20 log 10 (2Mi) . . . . (29) 

and an amplifier having a magnification constant given by 
m = l/M'J ; where M' A is any value of M A exceeding or 
equal to 0 ■ 5 and being written 0 ■ 5 if M A is less than 0 • 5, 
and M A is any value of M A less than or equal to 0 • 5 
and being written 0-5 if M A is greater than 0-5. The 
values of M A can be found, given the values of | and <f>, 
for any filter from the charts of Fig. 12. If phase asym¬ 
metry can be neglected, 

a e £ =20 log 10 (1 + £) 

and m = 2 always. This is the practical case because the 
filter network suitable for asymmetric technique should 



Fig. 17 


values greater than unity, implying that the compensa¬ 
tion circuits must embody an amplifier and, because M A 
varies with modulation frequency, a passive frequency- 
discriminative network. 

We may express this by writing p — lf(2M A ) x m, 
where m is the magnification constant of the required 
amplifier. If M A is never less than 0 • 5 and m is constant 
and equal to 2, then p — 1JM A , which is the required 
condition. If M A is, at any modulation frequency, less 
than 0-5, then, to maintain p = ljM A , rn must exceed 2. 
But at the two boundary conditions £ = 1, <j- = 0, it is 
seen that m must be equal to 2. This proves that if M A 
ever falls below 0*5, a condition which can only arise if 
phase and magnitude asymmetry in the sideband com¬ 
ponents combine in certain proportions, the equalizer 1 
amplifier must be frequency-discriminative. 

Thus the requirement of the equalizer circuit is that 
a passive network in association with an amplifier is 
required to be connected between the source of the audio¬ 
frequency modulations and the input to the modulating 


be designed to give, so far as possible, no phase asym¬ 
metry when £ is large. 

A discussion of how networks, usually known as 
equalizers, are built up from simple elements is given in 
standard textbooks. It is essential that such networks 
should be designed for constant impedance, since they will 
be fed in practice from sources having by no means 
negligible internal impedance. 

A simple form of network suitable in cases where 
demodulation of the carrier by the asymmetric filter is 
not excessive is shown in Fig. 17(a), while a more complex 
form used in certain experiments described later, where 
'phase asymmetry was very pronounced, is shown in 
Fig. 17(6). 

Practical Designs 

It is proposed now to study different types of filter 
networks as regards their suitability for asymmetric- 
sideband transmission. 
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Fig. 18.—Constants single-section filter. Points obtained 

experimentally. 


Constant-fe single-section filter (f 0 = 25 kc.). 

Fig. 1 shows the attenuation characteristic of a 
constants band-pass filter. Fig. 18 repeats Fig. 1 
except that / 0 is chosen to have a frequency of 
25 kc. instead of 27 kc. Fig. 18 compares the criterion 
attenuation curve for 3 % distortion (a figure chosen to 
represent maximum tolerable distortion) with the attenua¬ 
tion curve of the constants filter with the carrier located 
at 25 kc. Fig. 19 is derived from Fig. 1 and Fig. 18, and 
shows in full lines the values of £ and <j> for the condi¬ 
tions chosen for the particular filter under study. 

We may now make a Table and derive the distortion 
and demodulation. Thus Table 2 shows in col. 1 the 
values of A/ and in col. 2 the corresponding values of 
M n . This is obtained from Fig. 14. Cols. 3 and 4 
respectively give the values of £ (from Fig. 1 or Fig. 18) 
and cf) (from Fig. 1), corresponding to the given values of 
A/ in col. 1. 

Given £ and <$>, we can write in col. 5 the corresponding 
value of using the chart of Fig. 12. Col. 6 gives Mtf X , 
the actual maximum value of modulation taking place, 
and is obtained by dividing Mj$ v (the maximum value 
of Mj$ input to the transmitter modulator terminals) by 
Mjl. (This increase of Mjj is brought about by the 
action of the equalizer compensating for the demodula¬ 
tion.) Cols. 3, 4, and 7 now give all the information 
necessary to obtain S from the charts of Figs. 11 a, 11b, 
or 11c. If cf>, and M$ x are of suitable values, Fig. 1 1 a 
can be used directly; if not, Fig. 11 b or Fig. 11c must be 
used. Table 2 is arranged to show which charts are 
used and how the distortion is derived. Fig. 19 is now 



Fig. 19.—Constants single-section filter. / 0 = 25 kc. 
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Table 2 


Constant -1c Section having Characteristics as shown in Fig. 1 (/ 0 = 25 kc./sec.) 


A / 

(cycles/sec.) 

Ms, 

(Fig. 14) 

e 

(l-ig. 1 or Fig. 18) 

2<f> (degrees) 
(Fig. 1) 

M a 

(Fig. 12) 

Mn x 

s 

Chart 

Chart reading 

Actual value 

1 

3 

3 

4 

5 

i 

6 

7 


0 

1 000 

2 000 

3 000 

4 000 

5 000 

0-8 

0-8 

0-4 

0-17 

0-07 

0-05 

0-89 

0-744 

0-47 

0-26 
0-125 . 
O-l 

0 

6 

21 

41 

69 

97 

0-945 

0-87 

0-72 

0-605 

0-525 

0-495 

0-845 

0-92 

0-555 

0-278 

0-101 

0-101 

Fig. 1 1a 
Fig. 11c 
Fig. 1 1a 
Fig. 1 1a 
Fig. 1 1a 
Fig. 1 1a 

0-25 

1-0 

1-6 

3-6 

5- 5 

6- 5 

0-5 

1-0 

1- 775 

2- 0 

1-1 

1-31 


completed by drawing in the values of S and M A (in 
broken lines). The Figure now gives all the required 
information. 

It is seen that the distortion, using the constants 
section, would never exceed 2 %, and that the demodula¬ 
tion effects are not so great as to make the equalizer 
complex. The sole disadvantage, but that a considerable 
one, is that the attenuation characteristic is far from 
ideal. 

Constant-fe section terminated by /^ section. 

One method of improving the filter attenuation charac¬ 
teristic is to associate an section with a constants type 
of filter; but this introduces phase asymmetry. The net¬ 
work performance will, however, be examined not only 
because it affords an interesting example to illustrate the 
theory but also because the filter examined was actually 
used in certain experiments described hereafter. The 
attenuation/frequency and phase/frequency character¬ 
istics are shown in Fig. 25. Fig. 21 gives in full lines 
the values of £ and tf>. Calculations exactly similar to 
those already described give M A and S. 

It is seen from Fig. 20, which compares the criterion 
attenuation curve with that obtainable from the con¬ 
stant-/; section terminated by the section, that 
the attenuation characteristic given by the network 
approaches the ideal far more nearly than if (see Fig. 18) 
the h section is used alone. But it is also seen from 
Fig. 21 that the network, in achieving a better attenua¬ 
tion characteristic, has introduced intolerable distortions. 
These are remarkably concentrated between the modula¬ 
tion frequencies of 2 500 and 3 500 cycles per sec. 

Constant-fe band-pass section associated with con- 
stant-fe band-elimination filter. 

Fig. 22 gives the attenuation/frequency and phase/fre¬ 
quency characteristics of the network therein illustrated, 
namely the combination of two constant-/; sections, one 
for band pass and the other for band elimination. The 
method employed to decouple the two networks is not 
shown because there are many alternative forms. The 
points are, however, taken experimentally. 

It is at once seen that the phase characteristic is 
remarkably straight and the attenuation characteristic 
markedly steep. Fig. 23 compares the attenuation 


characteristic with the criterion. It will be shown later 
that the fact that the attenuation characteristic returns 
to only moderate values of attenuation after f s = 19 
kc./sec., or for a modulation frequency of 25 — 19 = 6 
kc./sec., does hot greatly affect the efficacy of the network 


50 


40 


30 


20 


10 














riterioi 


3/o 













N 

\ 









\ 

\ 

\ 

\ 









N 

l\ 

\ \ 









\ 

\ 

..... \ 

ilter te 

rminat 

ed by/ 

O sectio 

n 



V \ 

\ \ 

\ 

\ - - 








\ 

. \ 
\\ 




Jo 







___ 



23 

4 


24y£,kc. 25 

3 A/)kc. 2 


26 

1 


27 

0 


Fig. 20. —Filter comprising constant-/; section terminated by 
fao section. Points obtained experimentally. 

fo — 27 kc./sec., f m — 21 kc./sec. 


for preventing spectrum overlap. An f K band-eliminator 
section could, however, be used. 

Fig. 24 shows £ and <j> and the fundamental quantities 
by which performance may be judged, namely M A and 8. 
It is seen that the distortion never exceeds the chosen 
value, that demodulation never exceeds 6 db., and yet 
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Fig. 21 .—Filter comprising constant-* section terminated by section. (Experimental val 
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Fig. 23.—Constant-7c filter plus constantband eliminator. 
Points obtained experimentally. 


networks, the phase characteristics would combine to 
give such phase asymmetry as to introduce intolerable 
distortions. 

Design of Asymmetric Systems: Conclusions 

The quantitative analysis has been used to deter min e 
approximate designs. The word “ approximate ” is used 
advisedly. Firstly, it is fully appreciated that the sound- 
spectrum curve is an approximation and is representative 
of probability rather than being a rigid expression of what 
are the maximum sound-spectrum intensities regardless 
of the frequency of their occurrence. Secondly, the 
charts which show the effects of phase and magnitude 
asymmetry are based upon an approximate formula. 
Thirdly, it is impossible to shape filter attenuation/fre¬ 
quency characteristics to exact requirements. It is 
suggested that the analysis, “ inaccurate ” in a pedantic 
sense, has had at least this value—that it has guided a 
choice of a network which seems almost ideally suited 
for the purpose for which it was chosen. The test of the 
value of the system must finally rest with experiment, 
and Section (5) describes the work which has so far been 
done in this connection. 
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Fig. 24.—Constant-7; section plus constant-^ band eliminator. 


that the network gives an attenuation of the order of 
60 db. for sideband components 4-6 lcc./sec. removed from 
the carrier frequency. This is a result which could not 
be achieved by the cascade connection of constant-ifc 
type band filter sections, because, although the required 
attenuation characteristics would be obtained from such 


(5) EXPERIMENTAL VERIFICATION OF THEORY 
Receiver Tests 

The author’s original paper* dealing with the subject 
of asymmetric-sideband transmission gave accounts of 

* Loc. cit. 
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experiments devised to find out, in general terms, 
whether it was possible to cut off part of one sideband 
and yet retain reasonably good quality. 

A superheterodyne receiver was designed in which the 
intermediate carrier frequency could be adjusted to lie 
on various points on the attenuation/frequency charac¬ 
teristic of the intermediate-frequency band filter. It is 
apparent, now that the analytical work has revealed the 
way in which distortions may be introduced, that the filter 
used, a simple 2-section 3-element impedance transforming 
type, did not introduce phase-asymmetry distortion to 
any marked degree. On the other hand, it did not cut 
away as much of the unwanted sideband as has been 
shown can be removed without the introduction of serious 
distortion. Correction of the receiver frequency charac¬ 
teristic was made in the audio amplifier stages following 
the detector. 

The quality resulting, even when a considerable portion 
of one sideband was cut away, was so good that the 
author felt it worth while to publish his results and invite 
official consideration of the possibilities of the asym¬ 
metric-sideband system. 

Transmitter Tests 
Test transmitter. 

As a result of representations made by the author late 
in 1936, the B.B.C. supplied funds for the construction of 
apparatus designed to give an immediate comparison 
between the highest standard of reproduction possible, 
according to present-day knowledge, and the quality 
obtainable from an asymmetric-sideband transmission 
system. 

The apparatus, designed by the author, and con¬ 
structed in the laboratories of R.M. Radio, Ltd., em¬ 
bodied means for modulating the amplitude of a carrier 
and routing the modulated currents either through a 
filter, wherein the carrier frequency was located at f m , 
giving symmetrical treatment of sideband components, 
or through an asymmetric filter. The change-over could 
be made almost instantaneously by the operation of an 
external hand switch controlling relays mounted in¬ 
ternally on the apparatus panels. The output from each 
filter was passed alternatively to the same rectifier, which 
in turn fed its output into an audio amplifier raising the 
level of the audio component to a value sufficient to 
operate a rather large high-quality loud-speaker. Other 
relays, also operated from the external hand switch, 
served to cut in and out the equalizer necessary to com¬ 
pensate for the demodulating effect of the sideband¬ 
cutting filter. Since there is a loss of 6 db. in the equalizer, 
compensated for by extra magnification in the modulation 
amplifier, a resistance pad, giving a 6-db. attenuation, was 
substituted for the equalizer when the symmetric system 
was in circuit; and so the audio output level, whichever 
filter was in circuit, remained the same without it being 
necessary to change the modulation magnifier constants. 
The carrier frequency, arbitrarily chosen so far as these 
experiments were concerned, was 27 kc./sec., and the 
filters were designed, in both cases, to give full reproduc¬ 
tion up to modulation frequencies of 10 000 cycles per sec. 
The steady carrier power was of the order of 1 W. An 
input modulation level of 1 mW amplified to give a modu¬ 


lation of the carrier of 100 % produced a power of 7-8 W 
at the loud-speaker terminals. 

All conventional circuits for amplification modulation 
and rectification were designed with a large factor of 
safety, and, in its final form, either system, symmetric or 
asymmetric, for frequencies of modulation so low that no 
sideband asymmetry could occur in the asymmetric filter, 
gave no more than 2 % 2nd harmonic and negligible 
3rd harmonic at the loud-speaker terminals when the 
carrier was modulated to 90% from an input of 1 mW, 
the power output into the loud-speaker being of the 
order of 7 W. 

It is clear that everything was done to make the 
standard quality as pure as possible and that a direct 
comparison could be instantaneously made between this 
standard and that obtainable from the asymmetric 
system. 

All the circuits were boxed and panel-mounted. 

Test with constant-^ band-pass section terminated by 
j% section. 

At the time when the first asymmetric filters were 
designed the author had not appreciated that severe 
distortions might be produced by phase asymmetry. 
The theory of amplitude-asymmetry distortion was, how¬ 
ever, appreciated and it appeared obvious that the ideal 
attenuation curve could be most nearly approached by 
using a constants section joined to and terminated by an 
section. It has been shown that tins combination, 
from the point of view of the introduction of phase- 
asymmetry distortion, is, to say the least, an unfortunate 
choice, but perhaps if the mistake had not been made and 
its effects observed the solution, now proved so effi¬ 
cacious, would not have been so quickly found. 

The results of the experiments made to test the degree 
of distortion and demodulation caused by the use of the 
network described give a confirmation of the theory pre¬ 
viously set out in this paper. 

Fig. 25, already referred to, shows the attenuation and 
phase characteristics of the network, and Figs. 20 and 21 
have previously given the analysis of these charac¬ 
teristics in a form convenient for calculating distortion. 
An experiment was performed in which the audio¬ 
frequency harmonics were measured for a modulation 
frequency of 3 000 cycles per sec., the carrier being located 
at 27 kc./sec. The £ and </> values being known for this 
modulation (and hence sideband), the frequency dis¬ 
tortion may be read off from Fig. 11 a (in the case con¬ 
sidered) and compared with the values found by test. 
The results are shown in Fig. 26. Fig. 27 shows the 
frequency characteristic of the asymmetric system with¬ 
out correction, and is again compared with the theoretical 
values found from the charts of Fig. 12, £ and <f> being 
known from Fig. 21. The agreement is good, considering 
that the audio-frequency generator- used was a rather old 
model and its calibration not very reliable. Shifting the 
experimental curve, at about 2 000 cycles per sec., 
200 cycles per sec. (8 to 10 %) to the left would give 
almost perfect agreement. It must further be realized 
that the phase and attenuation characteristics from 
which Curve ( b ) in Fig. 27 are calculated were also found 
experimentally; and so, taking these factors into con¬ 
sideration, one may be very satisfied with the reliability 
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of the analysis and its usefulness in guiding a choice of 
circuit values. 

Design of equalizer for test transmitter (first design). 

In spite of the fact, revealed by the tests, that a 
fundamental error had been made in neglecting phase 
asymmetry in the design of the filter, it was decided 
nevertheless to make comparative tests of quality 
between the orthodox and the asymmetric system. It 
was therefore necessary to design an equalizer to correct 
the demodulation produced by phase and magnitude 
asymmetry. 

It is seen from Fig. 27 that the phase asymmetry 
demodulates the carrier by more than half and that 
therefore, as has been shown previously, the equalizer 
system would have to embody a passive network and a 
frequency-discriminative amplifier. This would have 
introduced greater complication in the change-over 
switching arrangements than was warranted considering 
the unsuitability of the filter; and so the passive network 
shown in Fig. 17b was designed in combination with 
extra amplification to give the best compensation possible 
in the circumstances. 

The overall frequency characteristic of the asymmetric 
transmitter is given in Fig. 28, showing that the com¬ 
pensation was by no means perfect. 

Result of comparative tests of quality (first design). 

A receiver containing fixed filters, a high-frequency 
magnifying valve, and a detector, and designed to give 
the least possible distortion, was made responsive to the 
transmission from the London Regional station and its 
output was fed into the modulation terminals of the test 
transmitter. This formed the programme material for 
the comparative tests. The loud-speaker was placed in 
a room adjoining that in which the change-overs were 
made, and switching was so arranged that the two 
reproductions were distinguished by the showing of a 
green or red light on the loud-speaker baffle. Further 
switching was arranged so that either the green or the 
red might apply to either the orthodox or the asym¬ 
metric transmission. It was found that a different 
“ click ” sound might be heard unless the loud-speaker 
was short-circuited during the change-over, and the pre¬ 
caution to eliminate this distinctive sound was accord¬ 
ingly taken. There was thus no chance that the observer 
could be distracted by any differences between the two 
conditions other than those inherent in the electrical 
systems employed. 

The author does not claim to be able to detect slight 
differences in quality so easily as can certain rare people. 
He would be inclined to say that he was unable to detect 
any difference between the reproduction of the orthodox 
and of the asymmetric transmissions, except very occa¬ 
sionally, and even then with no real certitude, even 
though the design of the circuits of the asymmetric trans¬ 
mitter was far from ideal. Observers with ears more 
acute to distinguish fine differences of quality (two from 
the B.B.C. Research Department) were therefore asked 
to judge whether they were able to detect any differences. 
Several hundreds of change-overs were made during two 
series, one in the early and the other in the late evening. 
The programme material, during the first session, com¬ 


bined speech, solo singing, and a light orchestral combina¬ 
tion ; in the second session dance music formed the bulk of 
the entertainment. It appeared easier for the observers 
to distinguish between the two types of transmission 
during the second session, but this might be explained 
because modulation is usually deeper during the relaying 
of dance music. The extreme similarity between the two 
reproductions may, however, be gauged by recording that 
the observers, of whom the author was then one, voted, 
during one set of change-overs, with considerable con¬ 
fidence, for a preference for the quality when one light 
showed rather than the other, when, in fact, they were 
listening to the same reproduction, the lights having been 
changed and not the circuits. It is, however, fully ad¬ 
mitted that on balance the observers were more often 
right than wrong, and that differences could be detected. 



Fig. 28 

Constant voltage of modulation. 7c + /«, filter carrier at 27 kc./sec. 

- Output from asymmetric filter with equalizer in. 

_ _ _-Output from symmetric filter. 

Taking 100 change-overs as a basic figure, it is estimated! 
that in 50 cases no differences could be observed or the 
two observers cancelled each other’s preferences, but that 
out of the remaining 50 the observers were right 35 and 
wrong 15 times. 

This result was very encouraging, considering that it 
was known by experimental tests that the asymmetric 
system introduced 30 % distortion at 3 000 cycles per sec. 
for 100 % modulation (see Fig. 21), showing there would 
have been maxima of the order of 15 % if equalization had 
been perfect, but, say, 10 % without the full compensation; 
and considering that the demodulation effects gave an 
uneven frequency characteristic (see Fig. 28). The 
author feels certain that, had frequency multiplication 
been applied and the two outputs been taken to the input 
terminals of a typical commercial set, it would have beefi 
impossible to distinguish any differences. It is also 
stated with confidence that none but highly trained 




60 


ECKERSLEY: A QUANTITATIVE STUDY OF 


observers could have remarked the quality change, 
because tests were made with a few persons not expert 
in judging quality and in no case were they able to tell 
the difference when the circuits were changed. 

The results of these first tests were so encouraging that 
a study was made with a view to devising a circuit which 
would eliminate the phase distortion but give large 
attenuation of the unwanted sideband components. The 
idea of associating the inverse filters was thus conceived, 
but owing to pressure of other work it was not until the 
autumn of 1937 that the apparatus was again put into 
commission and experiments continued. 

Tests with constant-fc band pass and constant -k band 
eliminator (second design). 

A filter was built containing the separate networks as 
described, and the band-pass and band-eliminator circuits 
were coupled by valves, not resistance networks as shown 
in Fig. 16. Opportunity was taken to test the findings 
of the quantitative analysis, and good agreement was 
proved after certain circuit aberrations had been 
removed. 

Two B.B.C. observers were again asked to make a com¬ 
parative test of quality between the symmetric and asym¬ 
metric systems, the latter being designed, according to 
the foregoing ideas, to eliminate phase asymmetry. 
Extremely exhaustive tests were undertaken to make 
sure that the symmetric system was, so far as is humanly 
possible, quite free from distortion. These tests in¬ 
cluded an examination of the wireless receiver which 
provided the programme input. It was proved that 
the system, from aerial input to ■ loud-speaker output, 
gave no more than 1*5 % 2nd-harmonic and negligible 
3rd-harmonic distortion. The frequency characteristics 
of the two transmitters, symmetric and asy mm etric, 
were substantially the same, the maximum departures 
being of the order 1 db. at frequencies above 6 000 
cycles per sec. The bass response was 0*6 db. less for 
the asymmetric system at 50 cycles, and this difference 
decreased until it was zero between 1 000 and 6 000 
cycles. 

The tests themselves were perforce of limited duration 
and were to a point, therefore, inconclusive. It has been 
decided that far more exhaustive tests must be carried 
out in the future. 

Nevertheless, the following conclusions are fairly 
definite. 

(1) It is agreed that the system wherein the band-pass 
and band-eliminator networks are used in combination 
is a great deal less liable to give audible distortion than 
that in which an / ra section is associated with the constant- 
h filter. Thus in the previous tests the observers were 
able to detect the difference in quality between sym¬ 
metric and asymmetric transmission with some degree 
of certainty, given certain conditions of modulation and 
programme item. In the tests on the new transmitter 
the observers were, over a limited period, more often 
wrong than right in their choice, believing the asym¬ 
metric system to be actually more pleasing and less 
" rough ” than the symmetric. 

(2) The observers remarked that they thought the 
quality on both transmissions inferior and that this fact 
was inclined to vitiate any firm conclusion. The author 


feels that, while this may conceivably have been due to 
some fault in the test apparatus or, more probably, in 
the loud-speaker used, nevertheless the very critical 
analysis of distortion and frequency characteristics 
would suggest that in this instance the source itself was 
not up to standard. 

(3) The most remarkable fact adduced was that the 
observers were inclined to. distinguish differences of 
frequency characteristic between the transmissions, e.g. 
there appeared to them to be more bass in one than the 
other. This, in view of the measurements, is verjr sur¬ 
prising although a quite definitely established fact. The 
only conclusion one may draw is that a decibel of 
difference is distinguishable by acute ears, provided one 
supposes that this difference extends over a fairly wide 
frequency-range. 

The author, in any case, feels justified in believing 
that the solution of the problems of obtaining a very 
large attenuation of one sideband without the intro¬ 
duction of phase-asymmetry distortion has been achieved. 
Whether or not amplitude asymmetry introduces detect¬ 
able distortion remains to be proved, but first tests 
indicate that it is far from easy, given even the most 
acute ears and a standard for comparison, to do so. 

Another experiment, relevant to the following Section 
which deals with the advantages of asymmetric trans¬ 
mission in eliminating “ sideband splash ” or spectrum- 
overlap interference, was also demonstrated. In this 
experiment the modulated carrier-frequency output 
from the test transmitter having a carrier frequency of 
25 kc./sec. was applied to a frequency multiplier, and the 
rpultiplied frequency of 250 kc./sec. was fed in turn into a 
typical commercial wireless receiver. An unmodulated 
carrier, having a difference frequency from the multiplied 
output from the test transmitter of 9 kc., was also fed 
into the receiver. The receiver was then tuned to the 
unmodulated carrier and conditions were arranged so 
that typical sideband interference caused by the test 
transmitter working on symmetric modulation was 
heard. Evidently the unmodulated carrier represented 
a wanted station while the output from the test trans¬ 
mitter was typically that of a powerful unwanted station 
on the frequency-contiguous channel, causing the well- 
known " sideband splash ” interference. 

Pressing the button which changed the output of the 
test transmitter from symmetric to asymmetric trans¬ 
mission greatly changed the degree of interference heard, 
because the sideband causing the interference was 
(partly) cut away. It was estimated, by the ear, ob¬ 
viously a very crude instrument for measuring effects 
quantitatively, that the interference was reduced ten¬ 
fold. It was not, however, wholly eliminated, nor, as 
will be seen from theory, could it have been with only a 
9-kc. separation and a modulation up to 10 000 cycles. 

Lastly, means were arranged to create a background 
noise, and when this contained high-frequency audio¬ 
components the change-over to asymmetric transmission 
showed a considerable amelioration of the noise, parti¬ 
cularly as regards its high-frequency components; 
demonstrating that, in the asymmetric system, the 
signal/noise ratio is superior to that obtainable with 
symmetric transmission. 

Great advantages are seen to accrue from the cutting- 
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away of part of one sideband, and these, in the author’s 
opinion, outweighed the introduction of so negligible a 
harmonic distortion. 

(6) REQUIRED CARRIER DIFFERENCE 
FREQUENCIES 

General 

The stated object of the preceding analysis was to find 
the answer to certain questions. It was required to find, 
inter alia, what economies could be effected in the fre¬ 
quency band width normally occupied by the radio¬ 
frequency spectrum of a broadcasting transmission, 
assuming that negligible harmonic distortion was intro¬ 
duced by removing part of a sideband. The analysis 
might have proved that so little of the sideband could be 
cut away without introducing more distortion than could 
be tolerated that it was not worth while to make any 
changes to existing technique; on the other hand, theory 
might have shown that by far the greater part of the 
sideband could be removed while still maintaining good- 
quality reproduction, thereby proving the advisability of 
using the system. This Section is therefore devoted to 
finding the required frequency-separation between the 
carrier frequencies of broadcasting stations, when dif¬ 
ferent types of transmission technique are employed. It 
is necessary to make a classification of the variables so 
that the conclusions may not be ambiguous. 

There is an obvious distinction between two methods 
of expressing the advantages of the asymmetric system. 
Thus we may either make a study to find out what is the 
minimum frequency-separation between carriers to ensure 
that, in no circumstances, can the radiated spectra over¬ 
lap (and thus make sources of potential interference); or 
we can fix upon some frequency-difference established by 
force majeure, and find out what diminution of inevitable 
interference will be brought about if the asymmetric 
system is used. 

This distinctive classification can be related either to a 
broadcasting system which is set up de novo and where 
the choice of carrier frequencies is uninfluenced by 
political and economic factors which have little to do with 
purely technical criteria, or to an existing system of 
broadcasting so established that it would be impracticable 
to suggest any diminution of the number of working 
stations, even though this diminution would be far less, 
using the asymmetric system, than that necessary to give 
complete freedom from spectrum overlap if double-side¬ 
band transmission were employed. 

In sum, it is necessary to find: (1) What economies in 
the use of channels can be made with the asymmetric 
system applied to any new system which does not 
impose any other criteria than those demanding good 
quality and freedom from inter-channel interference. 
(2) What diminution of inevitable inter-station inter¬ 
ference can be expected if the asymmetric system has to 
be applied to an existing set-up wherein carrier-frequency 
separations are less than those demanded by the criteria 
given in (1), i.e, when it is an essential of the application 
of the system that the existing service conditions shall not 
be disturbed. There is, lastly, a further subdivision of (2) 
which is concerned with the type of transmitter at present 
existing and whether or not it may be economically and 
practically adapted to make full use of the asymmetric 


principle. It will be shown in this connection that, if 
modulation of the carrier takes place at a level approxi¬ 
mating to its maximum level (high-power modulation), 
it is probable that the ideal network, consisting of a 
constant-7; band filter and a constant-7; band eliminator in 
conjunction, cannot be used. If this be the case we could 
not expect a better result than that given by a constant -Jc 
band filter alone. If the existing transmitter employs 
low-power modulation, wherein, as the term implies, 
modulation of the carrier takes place at a level greatly 
below the radiated carrier level, modification is com¬ 
paratively simple and the full advantages of the ideal 
network may be counted upon. 

Therefore, in studying the effects of the introduction 
of the asymmetric system and attempting to assess its 
benefits, we shall make a classification of the possible 
variations as follows:— 

Classification (1). Minimum carrier difference fre¬ 
quency to prevent spectrum overlap. 

Classification (2). The degree of interference experi¬ 
enced with a given carrier difference frequency. Thus 
we must find:— 

(1) (A). Minimum carrier-wave separation, assuming 
the use of double-sideband transmission. 

(1) (B). Minimum carrier-wave separation, assuming 
the use of asymmetric transmission, and a constant-^ 
band-pass section plus a constants band-eliminator 
section with demodulation correction. 

(1) (C). Minimum carrier-wave separation, assuming 
the use of asymmetric transmission, 'a constants section 
only, and demodulation correction. 

(1) (D). Minimum carrier-wave separation, assuming 
the use of asymmetric transmission, a constants band¬ 
pass section plus a constants band-eliminator section, 
and no demodulation correction. 

Dealing with the last four items, (1) (A) applies to 
existing conditions; (1) (B) applies to existing space 
broadcasting transmitters having low-power modulation, 
but assumes that existing carrier differences can be 
increased (probably an. impracticable suggestion); (1) (C) 
applies to existing space broadcasting transmitters having 
high-power modulation, but assumes that existing carrier 
differences can be increased (probably an impracticable 
suggestion); (1) (D) is theoretical, 

(2) (A). Amount of interference expected in existing 
conditions (9-kc. carrier-wave separation). 

(2) (B). Amount of interference expected using asym¬ 
metric transmission, a constant-7^ band-pass section plus 
constants band eliminator, and demodulation correction 
(9-kc. carrier-wave separation). 

(2) (C). Amount of interference expected using asym¬ 
metric transmission, constants band-pass section only, 
and demodulation correction (9-kc. carrier-wave separa¬ 
tion) . 

(2) '(D). Amount of interference expected using asym¬ 
metric transmission, a constants band-pass filter plus a 
constants band-eliminator section, and no demodulation 
correction (9-kc. carrier-wave separation). 

It should be remarked that (2) (A) applies to the 
existing condition; (2) (B) applies to the condition which 
will apply if existing carrier-wave separations are main¬ 
tained but the low-power-modulation transmitters are 
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adapted; (2) (C) is the same as (2) (B), except that it 
applies to existing high-power transmitters; (2) (D) 
is theoretical. 

Method of Analysis 

A description of the method by which the required 
frequency-separation between two carriers surrounded by 
any spectrum can be calculated was first published by the 
author some 5 years ago.* Its re-statement here is not 
redundant, partly because the results obtained are a vital 
part of the analysis of the asymmetric-sideband system, 
and partly because it may be possible to give a clearer 
picture of the implications of the findings than was 
possible 5 years ago. 

The method involves first the determination of 
boundaries enclosing an area, having the vertical dimen¬ 
sions of power level and horizontal dimensions of radio 
frequency, within which it may be said that the spectrum 
energy of a modulated carrier has " appreciable ” mag¬ 
nitude and is sufficiently spread in a horizontal dimens ion 
to allow a reproducer energized by the full spectrum to 
give a required fidelity of reproduction. The carrier is 
represented by a vertical line the top of which coincides 
with what will be arbitrarily called zero level. In a 
double-sideband transmission the ma xim um level (corre¬ 
sponding to 100 % modulation) of the sideband com¬ 
ponents will be 6 db. below zero (or carrier) level. 
Throughout this paper 80 % modulation is chosen as a 
maximum, and so in a symmetric system the maximum 
sideband level is 8 db. below zero level. Accepting the 
premise that the sound spectrum intensities are dis¬ 
tributed as indicated in Fig. 14, then the ma ximum side¬ 
band level of 8 db. will occur at radio frequencies of 
(/o ±0-2) kc./sec. to (/ 0 ± 1 • 2) kc./sec. The maximum 
levels of sideband components created by modulation 
frequencies greater than 1 200 cycles per sec. will be rela¬ 
tively distributed according to the power ratios corre¬ 
sponding to themodulation factors given in Fig. 14. Thus 
two upper boundaries may be drawn symmetrically about 
tbe _ carrier representing the sideband, and hence the 
radio-frequency spectrum, maxima. Part of one and all 
of the other side of the spectrum created by sym¬ 
metric-sideband transmission is shown by the part Ia 
in Fig. 29(1). 

It is now necessary to find a lower boundary to de¬ 
lineate the levels at which it may be said the spectrum 
has •“ appreciable ' ’ intensity. Assume that the spectrum 
is received rectified and made to energize a loud-speaker, 
that no distortion whatsoever is introduced in the process, 
and that the receiver is perfectly selective and will not 
appreciate energy lying outside the frequency limits 
•occupied by the spectrum. The spectrum-intensity 
variations are then evidently converted to audio-fre¬ 
quency variations, which, in turn, are made to create, 
through the agency of a loud-speaker, pressure variations 
in the air which are detected by the ear as audible sound. 
Presumably the receiver will be so adjusted that the 
maximum sounds (corresponding to the condition when 
the sideband components in the spectrum touch the 
boundary level drawn as described) are of a level to 

* “The Required Minimum Frequency Separation between Carrier Waves of 

■L9? CaSt ^ tatlons >” Proceedings of the Institute of Radio Engineers, 1933, vol. 21, 


satisfy the tastes of the listener. Now if any unwanted 
or parasitical wave energy, having frequencies which lie 
between the frequency limits occupied by what we may 
call the “ wanted stations spectrum,” had a sufficient 
intensity, it would create audible and unwanted sounds 
in the loud-speaker output. On the other hand, if the 
intensity of the interfering-wave energy was less than a 
certain amount it would not create audible interference. 
Presumably, however, assuming a “ perfect ” reception 
system, it would create some corresponding air-wave 
energy, however feeble. The only basic reason, there¬ 
fore, why very feeble interference is not heard is because 
the human ear itself is incapable of detecting it. This 
means that the lower boundary of the area within which 
energy levels may be described as “ appreciable ” is the 
ear threshold-of-hearing curve. If the ear were infinitely 
sensitive, then, apart from the effect of the masking of 
small sounds by the louder, it would appreciate in the 
postulated system the effects of all noise of whatever 
level. A “ perfect ” crystal set tuned to a local station 
is in one sense very selective but only because the ear is, 
by its limited sensitivity, also selective. 

It is now necessary to choose the relative levels between 
the minimum of the ear threshold-of-hearing boundary 
and the maximum sideband intensity so that a complete 
area may be enclosed within which we may say wave 
energy can be appreciated in ideal conditions of reception. 

The choice of this (decibel) scalar distance is a matter 
of the choice of the " contrast ” level necessary to give as 
faithful a rendering of the original as possible. If we 
attempt to imitate too nearly the conditions of the con¬ 
cert hall, background noise becomes too loud to be 
eliminated by any but the strongest signals. It is said 
that a symphony orchestra has a contrast level between 
PPP an -d fff of 80-90 db. The ear has a range between 
sensation level and ear threshold-of-hearing of 130 db. 
Allowing for the many difficulties inherent in the design 
of high-fidelity systems, and allowing for a reasonable 
signal/noise ratio, it is proposed to choose 60 db. as a 
contrast level desirable for good-quality reproduction. 
Choosing this value permits the area to be enclosed as 
shown by the part 1 a in Fig. 29(1). 

. Xt win be clear that if reception is to remain, in all 
circumstances, unspoiled by unwanted interference, then 
the area must be considered sacrosanct and must never 
be invaded by energy components created by unwanted 
stations or by sources of parasitical waves. We shall 
only consider hereafter the possibilities of invasions of 
energy due to spectrum components created by other 
■transmissions located on frequency-contiguous channels, 
i.e. we shall not consider questions of “ noise ” invasions. 

The method of determining the minimum required 
carrier difference frequency can now be more fully 
explained. We distinguish first between a wanted 
station, always labelled " W,” and an unwanted station, 
distinguished on the diagram by the letter " U.” A 
shape is cut out, preferably from thin celluloid, which is 
the shape of the sacrosanct wanted-stations frequency- 
decibel area that must never be invaded if interference 
is to be negligible. Another shape is similarly prepared, 
the upper limits of which are drawn to represent the 
carrier and sideband intensities and therefore the upper 
limits of the energy created by an unwanted station's 
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transmission. The combination of cut-offs introduced 
in the apparatus of transmission and the fact that the 
sound energy itself is so relatively feeble at high modula¬ 
tion frequencies allows the upper boundary to become 
substantially a vertical line at carrier difference fre¬ 
quencies of 8 000 cycles per sec. But the area represent¬ 
ing the invading energy extends theoretically infinitely 
downwards from zero level. Since we are only interested 
in its value in relation to a limited vertical scale, it is not 


unwanted is separated by sub-optimum carrier difference 
frequencies, then there is an area of overlap. This area, 
varying with a change of relative levels, is a measure of 
the interference produced when the carrier-frequency 
separation is smaller than that necessary to prevent 
interference. The determination of the conditions can 
be performed with different shapes representing the 
different spectra created by various types of trans¬ 
mission. 



* Fig. 29(1) .—Minimum required carrier difference frequencies. 

1a: Double sideband. 1b: Asymmetric; Jc filter plus band eliminator, demodulation correction, lc: Asymmetric; /,: filter only, 
demodulation correction. Id : Asymmetric; h filter plus band eliminator, no demodulation correction. 


necessary, except in certain cases where one sideband is 
attenuated, to consider any limits to the lower boundary. 
Thus in the part I a in Fig. 29(1) the unwanted station’s 
•energy is only delineated as regards its maxima. 

The wanted-station shape is anchored on scaled squared 
paper with its carrier components vertical; and the 
unwanted-station shape is held, also with carrier vertical, 
in various relative positions, it being always ensured, 
however, that the shapes shall not overlap. The hori¬ 
zontal scalar distance between the lines representing the 
•carriers is the frequency separation, and the vertical 
scalar distance between the carrier tips is the relative 
level. This indicates the required minimum carrier 
difference frequency for interference-free reception, given 
different relative fields at any one reception location. 

If now the wanted-station area is again fixed but the 


Preparation of Required Spectrum Areas 
Double sideband. 

In Fig. 29(1) the part 1a shows the required spectrum 
areas for double-sideband transmission and has been 
prepared according to methods previously described. 
The lower-frequency sideband spectrum of an unwanted 
station is also shown occupying the next higher-frequency 
channel to that occupied by the wanted station, which 
has its upper-frequency sideband fully represented. The 
two transmissions are of equal level and their spectra 
touch but do not overlap. 

Asymmetric. 

The parts 1b, lc, and Id in Fig. 29(1) show different 
asymmetric spectra. The conditions are given in the 
Figure, and the figures and letters chosen are in accord- 
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ance with the schedule of conditions previously set out 
under “ General ” in this Section. The following is the 
method of preparation of the required shapes. 

For the fully transmitted sideband: If no demodula¬ 
tion correction is supposed to take place then the fully 
transmitted sideband spectrum shape is the same as that 
representing the double-sideband case. If, however, 
correction is introduced, obviously the level correspond¬ 
ing to that of the sideband maxima when double-sideband 
transmission is represented is multiplied by 1/ilfj. (see 
Fig. 12). 

For the attenuated sideband: This is first drawn as for 
the fully transmitted sideband. The decibels of atten¬ 
uation given by the curve representing the attenua- 
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Fig. 29(2).—Spectrum-overlap interference. 

2a: Asymmetric; ft filter plus ft eliminator, no demodulation correction. 

2b: Asymmetric; ft filter plus ft eliminator, demodulation correction. 

2c: Asymmetric; ft filter only, demodulation correction. 

2d : Double sideband. 

tion/frequency characteristic for the circuit supposed to 
he used are then subtracted from the curve drawn to 
represent the fully transmitted sideband. The resulting 
boundary gives the maxima of the attenuated sideband. 

Explanation of Fig. 29(1) 

Minimum separation. 

The black areas in the parts 1a, 1b, 1c, and Id in 
Fig. 29(1) represent some typical positions of the sliding 
unwanted-station spectrum, but in order • to economize 
space neither all the positions that may be used nor the 
full extent of the spectra are shown. The conclusions 
given hereafter were obtained by measuring the relative 



positions of the various shapes representing the spectra; 
the diagrams only exist to show how these were typically 
placed. 

Explanation of Fig. 29(2) 

Interference. 

The degree of interference is assessed in the parts 2a, 
2b, and 2c, in Fig. 29(2), representing conditions corre¬ 
sponding to the chosen labelling. The degree of inter¬ 
ference must be a function of the amount of the 
wanted-station’s frequency-decibel area which is occu¬ 
pied by the energy components of the frequency- 
contiguous unwanted station. But the interpretation 
of the results is not made in terms of the direct ratio of 
the areas invaded (a) when double-sideband, (b) when 
asymmetric technique is used, because this would not 
give a true assessment of the economies effected by 
cutting away part of one sideband. 

Thus the listener adjusts his receiver, when sideband 
interference takes place, to cut off the upper parts of the 
spectrum in order to get rid of extraneous sounds. This 
process becomes increasingly destructive to good-quality 
reception as more and more “ top ” is cut off. If con¬ 
ditions are such that the sideband invasion becomes very 
pronounced, the listener, rather than forgo all intelli¬ 
gibility, tolerates, albeit grudgingly, some interference. 
This means that the onslaught of unwanted energy which 
brings the invading frequency close to the carrier is far 
more dangerous to peaceful reception than one that is 
staged in the remoter outer regions of the sideband. 

For these reasons the amount of interference is more 
truly assessed by giving in the invaded areas different 
“ weight ” factors than by taking their direct ratio as a 
measure of annoyance. These weight factors have been 
chosen as follows: between 8 000 and 6 000 cycles per sec., 

1; between 6 000 and 4 000, 2; between 4 000 and 2 000, 
4; between 2 000 and 1 000, 8; between 1 000 and 0, 16. 
Similarly, weight factors are chosen for the vertical scale. 
These are shown in Fig. 29(2). The black areas are 
those in which the wanted spectrum is never invaded, 
while the conditions for different relative levels between 
wanted and unwanted stations are shown by dotted lines 
in the white spaces. 

It will be remarked that in the part 2b in Fig. 29(2) 
the attenuation-curve shape using the band eliminator 
is such that a larger part is carved out of the wanted 
spectrum than would be the case if an -section band 
eliminator were used. The condition has not been 
studied; it might be that phase-asymmetry distortion 
would become serious if a more complex network were 
employed, but this seems unlikely since the tendency to 
inverse flexures of the phase characteristics of the 
inverse types of filter sections would still exist. 

Increase of Available Channels 

Let us assume that it may be argued that, after all, 
existing interferences are not serious and that the great 
majority of people listen to the local station and are not 
bothered as much by spectrum-overlap effects as an 
inspection of the diagrams would lead the reader to 
believe. Taking what is, to the author’s way of thi nkin g, 
this false premise as a basis, it is interesting to work out 
how much closer stations could be moved, if the asym- 
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metric technique were adopted, to give the same degree 
of interference as exists to-day. Choosing the condition 
of equal level and the asymmetric conditions 2d and 2b 
in Fig. 29(2), we find that a separation of 6 kc. could be 
tolerated, giving an increase of about 30 % in the 
number of available channels. 

Summary of Results 

The results are summarized in Table 3. 

In considering the “ gains ” we take, as a criterion, 
carrier and single-sideband working. It is clear that in a 
1 000-kc. gamut, the maximum modulation frequency 
transmitted being 7 800 cycles per sec., this system would 
allow 128 free channels. A figure of merit is given to 
each system, this figure being the ratio of the free channels 


(7) RECEPTION PROBLEMS 
General 

The preceding analysis has assumed that the receiver 
introduces no distortion and is sufficiently selective to be 
quite unaffected by any wave energy lying outside the 
boundaries which enclose an area within which, it has 
been postulated, wave energy is “ appreciable.” This 
Section treats the problems of reception in terms of 
actualities: no receiver is perfect in the sense postulated, 
and its departure from perfection must to some extent 
modify the conclusions. 

It is suggested, however, at the outset that it is hardly 
the business of the transmission authorities to attempt to 
solve reception problems introduced by changes in trans¬ 
mission technique, provided they can be satisfied that it is 


Table 3* 



Reference 


Mini- , 
mum 
separa¬ 
tion 

Gain of asymmetric over 
double-sideband in number 
of available channels for 
no overlap 

Ratio of 
interference 
in given 
system to 
that in 
double¬ 
sideband 
system with 
9-lcc. carrier 
separation: 
equal fields 
at point of 
reception 

Condition 

in 

Fig. 29(1) 
or 29(2) 

Practical case 

of 

carriers 

to 

prevent 

overlap 

(lcc.) 

Number 

of 

channels 

per 

1000 

kc. 

Figure 

of 

merit 

Gain 

(%) 

Double sideband 

lA 

Existing conditions 

15-6 

64 

0-5 



Asymmetric filter and elimi¬ 
nator, demodulation correc¬ 
tion 

1b, 2b 

Results obtainable by modify¬ 
ing existing low-power- 
modulated transmitters 

n-4 

88 

0-686 

19 

0-12 

Asymmetric filter only, demodu¬ 
lation correction 

lc, 2c 

Results obtainable l>y modify¬ 
ing existing high-power- 
modulated transmitters 

12-8 

78 

0-61 

11-9 

0-234 

Asymmetric filter and elimi¬ 
nator, no demodulation 

Id, 2a 

Theoretical 

10-0 

100 

0-78 

28-1 

0-011 

Carrier and single sideband 

— 

An eventual possibility 

7*8 

128 

1 -00 

50 

0-00 


* If, with the ratio of the fields of the wanted and unwanted stations equal to unity, it was decided that we could support the same degree of interference as is 
sutfered to-day [see 1a, Fig. 29(1)], then the carrier-wave separation for Condition 2b would he 6 lcc., giving 150 channels in a 1 OOO-lcc. band, an increase of 40 channels 
over and above those available with a 9-kc. separation. 


available for that system assuming no spectrum overlap. 
The percentage gain is the number of extra channels 
over and above those given by the double-sideband 
system divided by the number given by the carrier and 
single-sideband system, multiplied by 100. The inter¬ 
ference figure of merit is the interference factor of a 
given system divided by the interference factor of the 
double-sideband system, multiplied by 100. 

Table 3 is supplemented by Figs. 30 and 31, which show 
some of the information in curve form. 

Summarizing, the investigation proves that the asym¬ 
metric system makes for great economy in the use of 
any available frequency gamut. Its application would 
be a great help in minimizing the all-too-common side¬ 
band interferences set up because of the insufficient 
carrier-wave separations commonly employed. A point 
of further interest not brought out quantitatively in the 
analysis is that the signal/noise ratio is increased by the 
adoption of the system, assuming, of course, that the 
receiver has also a narrowed band width of response 
enabling it to benefit from the asymmetric transmission. 

Vol. 83. 


not in principle impossible or impracticable to design the 
circuits required to make full use of the changes. Trans¬ 
mission is to reception what environment is to the evolu¬ 
tion of species; it is " up to ” the species to modify them¬ 
selves to the changed environment. It is, however, the 
business of the transmission authorities to ensure as 
far as possible that the spectra of stations occupying 
contiguous channels shall either not overlap or that the 
overlap is small. If this is not done then the receiver, 
even if it has an asymmetric response in relation to 
its response to the carrier component, cannot per se 
eliminate inter-station interference. Thus if a wanted 
station lies between two neighbours both of which create 
fields comparable with that of the wanted station at the 
point of reception, both sidebands of the wanted station 
will be equally interfered with and single-sideband or 
asymmetric-sideband reception cannot eliminate such 
interference. On the other hand, it would be of no use in 
reducing inter-station interference if, assuming asym¬ 
metric transmission, the receiver gave a symmetrical 
response about the carrier and of sufficient frequency- 
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Fig. 30. —Required frequency-separation for no spectrum overlap. 

Asymmetric demodulation corrected in transmitter. Contrast level, GO db. W = wanted station, 
ff = unwanted station. Right-hand scale refers to broken-line curves. 



Fig. 31 
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width to include not only the wanted but inevitably the 
unwanted sideband. The asymmetric system postulates 
co-operation between receiver and transmitter, and this 
is one of the difficulties in applying it to space broad¬ 
casting. 

So far we have postulated “ideal’' reception, i.e. the 
receiver has been supposed to be responsive only to the 
energy components of the wanted station and completely 
unresponsive to any other. But evidently this is a 
theoretical postulate; the receiver cannot embody filters 
with infinitely sharp cut-offs nor filters which, with 
asymmetrically-disposed characteristics in relation to the 
received carrier, do not also introduce distortion. It is 
clear that the wave-envelope distortion, due to magnitude 
and phase asymmetry between sideband components 
introduced by a sideband-cutting filter, can be produced 
equally in the receiver and the transmitter. In other 
words, it is the combined characteristics of all the filters 
which are interposed between the circuits creating a 
normal modulation of the carrier and a detector which 
must be analysed before the degree of distortion and 
sideband-cutting may be assessed. It would be unneces¬ 
sarily laborious to work out an example here, but in 
general the modifications to previous conclusions intro¬ 
duced by the practical receiver demand that the carrier 
separations should be a little greater than those given by 
the former analysis. 

Modifications of Space-Broadcasting Receivers for 
Asymmetric Transmission 

If asymmetric technique were applied in to-day’s con¬ 
ditions of space broadcasting to a given transmitter, it is 
doubtful whether its introduction would be remarked 
by any of the possibly millions of listeners who are 
accustomed to tune in that station. The distortions 
produced would be negligible compared with those 
existing in typical receivers, and the apparent strength 
of signals would be the same as before the changes were 
made. Presumably also in certain conditions of reception 
the interference from a powerful neighbouring station 
would be the same as it was before the changes were made. 

This interference could only be eliminated by narrow¬ 
ing the band width of reception of the receiver and 
disposing the carrier frequency asymmetrically within 
this band. This process would eliminate the interference 
even if the other neighbouring station created a relatively 
strong field at the given point of reception. The inter¬ 
ference would, however, only be eliminated at the risk of 
an introduction of added harmonic distortion in the 
receiver. This increase of distortion would not, it is 
suggested, be remarked by the ordinary listener. 

Turning from this robust consideration of what 
could undoubtedly happen to the tuning of the 
ordinary set by the ordinary listener who is auto¬ 
matically finding the best way to benefit from the 
new system, we may discuss what would happen to 
the high-quality set in the field of an asymmetric 
spectrum. Firstly, no high-quality set can be so 
described when to-day it seeks to pick up any but the 
local station; to eliminate sideband jamming during 
distant and some local-station reception necessitates the 
introduction of increased selectivity, which robs quality 
of its prime necessity, namely “ top ” reproduction. 


Secondly, if the high-quality set tuned to the local 
station with the carrier frequency symmetrically placed 
in relation to its filters is to be so good as to appreciate, 
without a reference standard, the deterioration of quality 
due to asymmetric transmission, it will be a comparatively 
expensive and a very rare article indeed. It is therefore 
obvious that the problem, if indeed it can be said to 
exist, of the high-quality receiver is one concerning a 
very small minority. 

During the discussion of the author’s original paper 
a number of persons gave it as their opinion that the 
problems of eliminating spectrum-overlap interference 
could be solved by designing the intermediate-frequency 
filters of the receivers so that they would accept only the 
carrier and one sideband, and by vastly intensifying the 
carrier component at the detector, transmission being 
meanwhile modified to a carrier-and-single-sideband 
system. This would be an ideal solution, of course, if 
some 30 million receivers could be replaced on the same 
day. Since this would be impossible, obsolescent receivers 
would, according to this suggestion, suffer distortions 
from the modified transmitters. These distortions would 
be intolerable, amounting to 10 % for 80 % modulation 
at every modulation frequency; not, as in asymmetric 
technique, to some 2 % to 3 % only at modulation 
frequencies between 2 500 and 3 500 cycles per sec. 

Another suggestion made was that double-sideband 
transmission should be continued but that receivers 
should be adapted to cut off one sideband and intensify 
the received carrier so as to eliminate the distortion intro¬ 
duced by the receiver filters in cutting off one sideband. 
This, however, would be no help when the sideband 
chosen was interfered with by a neighbouring station. 
It was suggested that a solution to this difficulty might 
lie with a frame aerial to eliminate the neighbouring 
station prone to jam the sideband selected for reception, 
and a sideband-eliminating filter to get rid of the jam¬ 
ming from the other. This method attempts to turn the 
listener into a skilled wireless operator, a process which 
would be widely resisted. 

It is important to note that in respect of both these 
suggestions authoritative opinion showed that it was 
perfectly feasible to design receivers which would in fact 
augment the carrier component in relation to the side¬ 
band component. The use of such types of receivers for 
high-fidelity local reception would therefore reduce even 
what are still by the author considered to be negligible 
harmonic distortion components in the asymmetric trans¬ 
mission to values acceptable to the most discriminating 
ears. In sum, the ordinary receiver seeking distant- 
station reception could not remark distortion in com¬ 
parison with that already existing. The high-quality 
receiver, useful as such only when tuned to the local 
station, would not introduce any more distortion than 
that existing in transmission and proved to be negligible. 
The high-quality and eventually all receivers could 
eliminate all distortion if means were adopted to in¬ 
tensify the carrier component at the detector. This point 
is stressed in the Conclusion to the paper. 

(8) ADAPTATION OF EXISTING TRANSMITTERS 

The experiments so far conducted have been concerned 
with carrier frequencies of the order of 25-27 kc./sec., 
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partly because the system was primarily devised for 
a carrier-frequency wire broadcasting system, partly 
because it is naturally far easier to shape filter charac¬ 
teristics to requirements for sideband attenuation at 
these frequencies than at “ broadcasting ” frequencies. 

Low-Power-Modulated Transmitter 

In adapting a low-power-modulation transmitter, the 
low-power stages, where modulation takes place, would be 
substituted by a low-power asymmetric-sideband modu¬ 
lator using a frequency of the order of 30-50 kc./sec., and 
this frequency would be multiplied to the value of the 
carrier frequency used by the station and would then be 
fed into the high-frequency magnifier. Naturally all the 
filters in this magnifier would have the carrier frequency 
/o located at their mean pass frequency/^, and no further 
phase or magnitude asymmetry between sideband com¬ 
ponents would be introduced. 

High-Power-Modulated Transmitter 

In transmitters using the high-power system of modula¬ 
tion, filter networks giving the required asymmetric treat¬ 
ment to counterpart sideband components would have to 
be interposed between the high-power output from the 
modulated magnifiers and the input to either the aerial 
or, if used, further magnifying valves. Such filters would 
presumably have to perform their functions at frequencies 
coincident with or near to the carrier frequency, and, 
unless the proper types of network were chosen to prevent 
it, excessive and uncontrollable voltages might be 
developed across the terminals of the filter elements. 
Thus two problems would arise in adapting the high- 
power-modulated transmitters: first, how to shape the 
attenuation/frequency characteristics when the ratio 
A/// 0 was relatively very small; and, second, how to 
avoid the development of very high voltages across the 
filter elements. The author has not been able to give 
more than a superficial consideration to these problems 
and his existing conclusions may therefore not be 
verified, but it would appear that suitable networks could 
be devised which would approximate in their performance 
to the ideal and yet be practicable in use. 

The great majority of transmitters in use in the world 
to-day employ low-power modulation, and could therefore 
be cheaply and efficiently modified to embody the best 
form of the asymmetric system, assuming that demodula¬ 
tion correction must take place in the transmitter. 

(9) CONCLUSION 

In spite of discouragement from some quarters, the 
public insists that the wireless set exists to give pleasure; 
the listener chooses this or that programme because it 
pleases him, rejects another because it does not. The 
attention that the wireless-set user gives to a progra mm e 
is also partly determined by the quality of reproduction 
but probably more by the freedom it enjoys from inter¬ 
ference from extraneous sounds. It is p rim arily pro¬ 
gramme interest which pleases, but interference is a 
bugbear however good the programme. If proof were 
needed that considerations of quality of reproduction are 
not paramount in the mind of the ordinary listener one 
would have but to listen to the sounds emanating from his 


set and compare them, not necessarily with the original, 
nor even with the quality obtainable from a high-fidelity 
set, but rather with the results given by a receiver costing- 
only a little more than the most popular and which is well 
within the purchasing power of the majority. If proof 
were needed that interference is a greater bugbear to the 
ordinary listener than the combination tones created by 
harmonic distortion, an analysis of correspondence and 
of the efforts of national committees to cure it would 
furnish such proof. This is not said in disparagement of 
the designers and retailers of wireless sets, who rightly 
cater for public demand, nor need it be inferred that 
because public interest centres round programme content, 
the first cost of a set, and convenience, listeners would 
be indifferent to improvement in quality of reproduction. 

If these observations be accepted as truly representing 
the situation, then it seems to be hardly justified to forgo 
the advantages of asymmetric-sideband broadcasting 
because it may introduce some small extra measure of 
harmonic distortion. This point is raised because in the 
discussion on the author’s previous paper there appeared 
to he a considerable body of official opinion which 
opposed the scheme on account of its alleged failure to 
give an acceptable standard of quality. The quantitative 
analysis and the results of experiments presented in this 
paper should, it is hoped, prevent a repetition of this 
criticism. 

But if the objections of that esoteric but influential 
few who hold that quality is of paramount importance are 
enough to cause the rejection of the scheme as so far 
promulgated, then it is hoped that they will accept it 
when it is put forward as a step in an evolutionary policy. 
No one will deny that ultimately the ideal solution is 
to use a carrier and single-sideband system for the broad¬ 
casting service, provided flawless quality can be obtained. 
Therefore the scheme proposed is one which aims to 
achieve this ideal gradually but which asks for some 
courage in facing a temporary and theoretical failure to 
produce a completely distortionless transmission. The 
first step would be to introduce some form of asymmetric 
transmission. The slight distortions, noticeable perhaps 
by a very few listeners using very rare and expensive 
sets and possessing highly-discriminative ears, would soon 
be cured by the technique of carrier intensification in 
the receiver. The luxury of yesterday becomes of wide 
application to-day; one might well see, therefore, the 
introduction of the asymmetric system as the stimulus 
towards wireless-set evolution in terms of what some call 
homodyne reception, namely carrier-component intensifi¬ 
cation at the detector. If a majority were so equipped 
then the transmitters could safely narrow their radiated 
spectra and increase a distortion eliminated in the 
receiver. In the end, and assuming a sufficient number 
of receivers properly designed to make use of the changed 
technique, single-sideband transmission might be adopted 
and the proper solution achieved. But apart from this 
suggested solution, and dealing only with to-day’s 
problems, it would appear to the author better to risk the 
introduction of minor distortions than to continue with 
the existing and abominable interferences which are set 
up whenever one seeks to listen to distant stations and 
which are all too audible when one is listening to local 
stations in B and C service areas. 
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APPENDIX I 

The analysis given in this paper has purposely treated 
the simpler cases, the only variable being either £ or <j), 
without deriving an expression for the distortion. This 
procedure is logical inasmuch as a method of attack is 
thereby illuminated and expressions for the simpler cases 
can be derived from the formula for the general case by 
giving one or other of the variable fixed values. It is, 
however, shown on pages 42-46 that the general formula 
has a limited although highly practical application. It is 
therefore proposed in this Appendix to derive expressions 
for the distortion in the special cases in order that the 
application of the general formula may be verified or 
modified. 


£ < 1, cf> = 0.—The resultant vector OR has a magni¬ 
tude given by equation (7) as 

OR = (6 2 sin 2 Acot + a 2 cos 2 A cot + 1+2 a cos Aak)l 

It is further shown that the harmonic has its maximum 
amplitude when Acot = 90°. Thus, at this instant, 

OR = (b 2 + 1)1 

Consider Fig. 32, in which the full-line curve represents 
a pure sine wave. The effect of magnitude asymmetry is 
always to raise the value of OR beyond what it would 
be if no magnitude asymmetry existed. This value we 
call D, and it is seen that the broken-line curve, which is 
the distorted-wave envelope, is formed by the combina¬ 
tion of a pure sine wave (full line) and the 2nd harmonic 
(shown as a chain-dotted line having an amplitude 
wholly above the true mean line of the rectified currents). 
Thus we can see that the peak amplitude of the harmonic 
is D/2, where 

D OR - 1 (6 2 + 1)1 - 1 

¥ 2 2 


But if £ = 0, My — 1, and b 2 = O'25; then an error 
no greater than 1 % (and that in exceptional cases) is 
introduced if we write 


D 

¥ 



h l 

4 


The distortion factor is given by dividing the peak 
harmonic amplitude by the peak carrier amplitude, or 



Substituting the values of b and a in terms of My and P 
gives 



Mn (I ~ £) 2 
8 1 + i 


which is the expression given on page 44. 

£ < 1 , <j> finite .—If D' hl and D n are the differences 
when A cot — 0 and Acot = 180° respectively between 
the amplitude of the distorted wave and the amplitude 
of the undistorted wave, it can be seen that the per¬ 
centage distortion if not too large can be expressed as 


8 


<i> 


__ 

2[l + My — (D-j^ + D 2 ^)/2] 


We may furthermore write, from equations (15) and (16), 
D n = (M% - 2 My cos <f> + 1)1 _ (1 _ M N ) 

= (1 + My) - (M\ + 2 My cos <f> + 1)1 




Fig. 32 


This can be shown to give, for the percentage distortion, 
g (I + + (1 - C)t] - cos 2 j/2 + 1) ; , 1()0 

* (1 + »,)’[1 - (1 - «)*] + 2 uVy cos 2 <!>/2 + 1 ) 


where 
If cf) is very small, 


0 = (i + V+ 1 + cos <«*> 


§ (1 + My) [l + (1 - Q)*] - 2 

1/1 (1 + My) [l — (1 — Q)i] + 2 


X 100 


Points derived from this expression, which must not 
be used unless 2<j> is greater than about 90°, are shown in 
Fig. 13 b and agree well with the graphical analysis. 

APPENDIX II 

The case where | and cf) are both variables is treated 
here with reference to Fig. 33, which in general is repre¬ 
sentative of the same conditions as Fig. 5 and only 
differs in that the attenuated sideband component in the 
one case is the fully represented one in the other and 
vice versa, and that a different instant of time is chosen 
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in Fig. 33 from, that represented in Fig. 5. Obviously 
the expression derived will be the same whichever Figure 
is used. 

From Fig. 33 it is obvious that 

OR = (OC a + CRV = 0C(] + 2g)* . (30) 


Two approximations are now made to render the algebra 
less cumbersome than if analysis of a complete expression 
for OR were attempted. These approximations are:— 
(1) It is assumed that the ratio CR/OC will never 
exceed a value such as to make unjustifiable the 
approximation 



CRM 

OCV 


CR 2 \ 
20 CV 


(2) It is assumed that FC may be neglected in com¬ 
parison with OF, in the denominator of the ratio 
CR 2 /(20C 2 ). 

The implications of these approximations are dealt 



-Locus of R. 

-Construction lines. 

- Vectors. 


with in the text of the paper. Using the approximations 
enables (30) to be written 

OR 2 

OR = OF + FC + — 

T 20F 

Or, letting OF = 1, 

CR 2 

OR = 1 -f- FC -j-— . . . . (31) 

Jj 

It has been shown on page 41 that the magnitude of 
any axis of the ellipse traced by R is given by 

(a 2 cos 2 Acot -j- b 2 sin 2 Acot)i 

indicating that the two components at right angles 
forming this resultant axis are a cos A cot and b sin A cot. 
Evidently, therefore, 

DR = b sin A cot .... (32) 
FD = a cos A cot .... (33) 


From Fig. 33 also, 

FC = FN — NC 

.-. FC = FD cos cf) — DR sin <£ . . (34) 

CR = CP + PR 

and, since CP = FM, 

CR = FD sin cf -f- DR cos <f> . . (35) 

Substituting in (34) and (35) the values of FD and DR 
given in (33) and (32) respectively, 

FC — a cos Acoi5 cos cf — b sin Aa >t sin cf . (36) 

CR = a cos Acot sin cf -f 6 sin Acot cos cf . (37) 

and, combining (31) with (36) and (37), 

OR =1-1 -a cos A cot cos cf — b sin Acot sin cf 

-j- -J(a cos A cot sin cf -f- b sin Acot cos cf) 2 

Expanding the expression in the bracket multiplied by J 
gives 

\(a 2 cos 2 A cot sin 2 cf -j- 2 ab cos A cot sin Acot cos cf sin f 

+ b 2 sin 2 A cot cos 2 <^) 
or 

i[a 2 sin 2 (f>( 1 -f cos 2A cot) + 2ctb cos cf) sin cf) sin 2Acot 

+ b 2 cos 2 cf)(l — cos 2Aarf)] 

The value for OR can now be rewritten in terms of 
the sum of three different forms, namely (i) those in 
which Acot does not occur, (ii) those containing A cot, and 
(iii) those containing 2 A cot, as follows:— 

OR = [l + J(o 2 sin 2 cf> + 6 2 cos 2 <^>)] 

+ [a cos Acot cos cf> — b sin Acot sin <^>] 

+ [|(a 2 sin 2 cf> — b 2 cos 2 cf,) cos 2Acot 

+ 2ab sin cf) cos <f> sin 2 A oot\ 

Evidently the first expression within square brackets 
is a constant; the fundamental is represented by the 
second expression within square brackets; and the last 
expression within square brackets is that for the 
harmonic, being in terms of 2A cot. The amplitude of 
the fundamental is given by 

(a 2 cos 2 <f> b 2 sin 2 <f>) i . . . (38) 

and the amplitude of the harmonic by 

^[(a 2 sin 2 cf, — • b 2 cos 2 cf> ) 2 + 4a 2 6 2 sin 2 cf> cos 2 cf\^ 
wfhich simplifies to 

l(a 2 sin 2 cf -f- b 2 cos 2 cf) . . . ( 39 ) 

The harmonic rations given by dividing expression ( 39 ) 
by expression (38), or 

g _ a 2 sin 2 cf + b 2 cos 2 cf> 

4(a 2 cos 2 cf> -j- b 2 sin 2 cf) 1 - 
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Substituting the values of a and b in terms of Mj$ and 

£ gi ves 


My I -j- — 2^ cos 2 <f> 

8 (1 + f 2 + 2£ cos 2 cf>)i 


and (40) is the equation used, with certain reservations, 
in the text of the paper, to determine the distortion. 


Note that from (38) we may write 

M a = ^~{1 + g 2 + %£ cos H )- 

which is again used in the text of the paper. 


(41) 


DISCUSSION BEFORE THE WIRELESS SECTION, 2 ND MARCH, 1938 


Mr. H. Bishop : The B.B.C. has followed the author’s 
work with great interest both from the purely technical 
point of view and from the point of view of its importance 
to broadcasting in this country and abroad. The ques¬ 
tion of the future use of asymmetric-sideband broadcast¬ 
ing or any other specialized type of transmission is, in 
fact, rather more international than national in character. 
Nothing is truer than the first sentence of the Summary 
to the paper, and it is clear that any decisions which the 
B.B.C may make must be bound up with what is done 
abroad. The wavelength situation is being debated at 
the five-yearly Telecommunications Conference which is 
at present taking place in Cairo, and we shall know at 
the end of the conference whether any more wavebands 
have been allotted for broadcasting in the face of the 
eager demands of practically all the other wireless 
services. We should indeed be foolish if we were not 
willing to examine any system of the kind described in the 
paper which might hold out some possible hope of alle¬ 
viating the present wavelength congestion. 

The paper refers solely to broadcasting, but it might 
be a good idea to examine its application to other services 
if there is hope of the more efficient use of wavebands for 
these services. So far as the present situation is con¬ 
cerned, the amount of interference which the broadcast 
listener suffers in areas of high field-strength is not serious, 
but, of course, in areas which it is not possible to serve 
so well it is a different story. On the medium wave¬ 
lengths the Lucerne Plan of distribution is being adhered 
to fairly well by the European countries. Interference 
is acute in the long waveband, and in the last few years 
it has been particularly severe on the short waves, where 
no internationally agreed plan is in force. 

In examining the author’s system it is a question of 
balancing the deterioration of quality from which we now 
suffer, due to the attenuation of the upper frequencies of 
modulation to avoid interference from frequency-con¬ 
tiguous channels, against the deterioration which is likely 
to be observed with his system. In this connection I 
would mention the use of variable selectivity, which 
was raised in the discussion on the author’s previous 
paper. 

Referring to page 66, I am rather shocked by the 
statement that it is not the business of the transmission 
authorities to attempt to solve reception problems intro¬ 
duced by changes in transmission technique. Any 
change the B.B.C. proposes to introduce must take into 
account the receiver position, as in fact the author said 
in his verbal resume.of the paper. When one considers 
the money locked up in receivers in use in this country, it 
is clear that any change in transmission technique which 
involves changes in receivers must not be introduced 
without a great deal of thought and preparation. 


At the Bucharest Conference of the C.C.I.R. a year or 
so ago Great Britain recommended that research should 
continue on special systems of transmission, with the 
intention that, when such a system had been proved to 
be of practical value, it might help to reduce interference 
and improve quality with the present frequency- 
separation. 

Mr. H. L. Kirke: The author mentions that the 
receiver filter will introduce distortion, and he suggests 
that this distortion will be small. I should like to ask 
him whether he thinks that the distortion would be any 
smaller than the distortion introduced by a similar filter 
in the transmitter, and therefore why the same care has 
not to be taken in the receiver as in the transmitter in 
order that the same degree of smallness of distortion shall 
be achieved. He also mentioned the question of the 
desirability of eventually working with a single sideband 
and a largely suppressed carrier; I agree that that is the 
system to aim at. If we can get a step nearer to that 
ideal by the introduction of the asymmetric-sideband 
system or some modification of it, then I think that that 
may be a good thing to do, but I am not certain whether 
the asymmetric-sideband system by itself and for itself is 
good. Great difficulties lie ahead of any organization 
which attempts to get all countries to do one and the 
same thing with one and the same object; until that can 
be done, the asymmetric-sideband system will only be of 
use where two countries come to an agreement inde¬ 
pendently of the rest. 

I hope that the idea of closer spacing of carriers will 
not be adopted. In the last few years the technique of 
receiver design has gone forward by leaps and bounds. 
It is now possible to buy a radio receiver at a not very 
extravagant price which will receive well up into the 
region of 8 000-9 000 cycles per sec., and it makes a vast 
difference to the enjoyment of broadcasting programmes 
if that band of frequencies can be received without distor¬ 
tion. Most of the receivers which are in use to-day have 
their tone controls turned to what is usually called 
“ mellow,” chiefly because of the distortion which is 
introduced. 

I agree with Mr. Bishop that the transmission authori¬ 
ties must study receiver technique, whether it is a ques¬ 
tion of changing over to the single-sideband and sup- 
pressed-carrier system or, for example, of changing over 
from amplitude modulation to phase or frequency 
modulation. ' 

I find the paper very confusing, and I feel that if the 
author could have referred to such quantities as M A and 
M n a little more in words it would have made it easier 
even for the mathematician to follow what is a very 
complicated subject. 

Dr. E. K. Sandeman : The first point which occurred 
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to me in looking at this paper was that it was not essential 
to use a band-eliminator filter for the purpose of obtaining 
phase compensation: other types of phase-compensating 
network could be used equally well. 

A point arising out of one of Mr. Kirke’s remarks is that 
asymmetric-sideband transmission demands the introduc¬ 
tion of correction in the transmitter for the distortion 
introduced by the filters in the receiver. This means that 
it would be necessary that the same type of receiver 
should be used everywhere, a restriction which would 
impose a serious limitation on the manufacturers of 
receiving sets. 

I feel that the difficulties of straight single-sideband 
working are largely resident in cost considerations rather 
than in the technical problems outlined in this paper, 
which are all sidetracked by the introduction of a large 
local carrier. 

I also think that the practical difficulties of any system 
of asymmetric-sideband working are appreciable. For 
those reasons, and also because single-sideband working 
has definite advantages over asymmetric-sideband on the 
grounds of channel spacing, I should prefer to wait until 
the progress of receiving-set design and manufacture has 
further reduced costs to the point where the community 
as a whole can afford straight single-sideband working. 

Mr. P. G. A. H. Voigt : When the author read his last 
paper before this Section he assured us that the distortion 
introduced by his system was negligible, and I was very 
hopeful of its success. This paper appears to prove that 
about 2 % is the maximum distortion which is to be 
expected if his system is treated carefully. The big 
difference which has occurred in the interim is shown by 
the fact that whereas in the previous paper the carrier 
wave was running halfway up the skirt of the sideband, 
in this paper it is on the top. 

I am able to confirm to some extent the author’s curve 
for energy in the spectrum. A long time ago, before fre¬ 
quency standards were available for the testing of micro¬ 
phones, I came to the conclusion that it was possible to 
derive some relevant information by str ikin g a piano 
mechanically at a constant strength, and'measuring the 
output with a microphone. If the efficiency of the piano 
were the same on each note a level response would be 
obtained, and I expected that if I found great dis¬ 
crepancies the trouble was likely to lie in the microphone 
rather than in the piano. The results of thajt test showed 
' a large difference between one note and the next, but if 
all the results were plotted, and especially if the’micro¬ 
phone was tried in various positions and the average value 
determined, a fairly level response was obtained over the 
middle part of the scale, and a falling-off at the extreme 
top. I have since been able to check that the microphone 
used was substantially linear to within 3 db. 

Reverting to the question of distortion, the figure of 
2 % is very reassuring, especially if the interference can be 
cut down by the amount stated. At present, high- 
quality reception with very flat tuning even of the 
London National station in certain areas in South 
London is completely spoilt by the fact that London 
National fades at times so that it is only a slight signal 
which interferes with Trieste. The resultant sideband 
splutter, especially if Trieste is over-modulated, is verv 
bad. y 


For reception on the system described in the previous 
paper I gathered that the standard receiver would be 
satisfactory. It now appears that an addition will have 
to be made to the receiver, and that addition will in turn 
produce some additional distortion. Might it happen 
that the distortion produced in the receiving corrector 
would be the inverse of that in the transmitting corrector, 
and so compensate for it ? 

Mr. C. E. G. Bailey : The author’s demonstration by 
means of his celluloid vector was a valuable illustration 
of frequency modulation; thus, in the case where <f> was 
90° the vectors were of equal magnitude, and the resultant 
hardly varied at all. It is interesting to reflect that the 
amount by which that resultant did vary represents the 
difference between a system with first-order sidebands 
and one with true frequency modulation. This difference 
would be equalized by a suitable set-up of additional 
vectors, and the model made to give, say, a second-order 
approximation of frequency modulation. 

As regards the method of eliminating phase distortion, 
better results might have been obtained with anm-derived 
section, which would only have meant one extra element 
as compared with the band-stop filter. It might in fact 
be found that if the original filter were turned from a 
constant-^ into an m-derived type the slope would be 
made steeper, and it would be possible to dispense with 
the extra cell. 

I am interested in the question of the phase charac¬ 
teristics of the filter in the receiver. In the conventional 
superheterodyne receiver this filter simply consists of 
pairs of linked circuits. The phase therefore varies 
widely, and if the filter is arranged, as it frequently is in 
the case of sets of expanding selectivity, to have a double 
hump, this phase characteristic may even have a kink in 
the centre. When the receiver has been in use for some 
time and the capacitance arms of the filter have altered in 
value, the amplitude characteristic becomes very asym¬ 
metrical. With double-sideband transmission some of 
this symmetry cancels out, but it seems likely that the 
phase characteristic may prove worse still, and may in 
effect annul many of the advantages of the elaborate 
filter put up at the transmitter in a single-sideband 
system. This point should not be neglected, especially 
as the paper is one in which the practical difficulties of 
marrying a new transmission system to an existing collec¬ 
tion of receivers have been carefully considered. 

As. regards the author’s demonstration, I noticed a 
certain amount of distortion throughout his experi¬ 
ments. 

Dr. L. E. C. Hughes ( communicated ): We know that 
the standard of reproduction tolerated’ by the public is 
deplorably low, and the recent advances in receiver design 
which make broadcast transmission more pleasant to 
listen to are not reflected in the mass-produced receiver. 

It is true that the amplitude distortion permitted in the 
author s system is low in comparison with that normally 
tolerated in radio receivers. At the same time he is 
retarding progress in good-quality reception by making 
it impossible for receivers to be used which aim at a 
lower degree of amplitude distortion. Such a procedure 
cannot be defended on technical grounds, while the com¬ 
plete elimination of one sideband of frequencies, no 
difficult task, 1 establishes at once an implied improve- 
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merit in every demodulator, and therefore is worthy of 
support, although it may be many years before it is 
practicable to re-allocate international frequencies to 
permit the operation of more channels. It is nearly 
impossible to contemplate the elimination of the carrier, 
in spite of the power savings at the transmitter. 
Engineers cannot defend giving the public what it is 
alleged to want, because the public has no possible means 
of judging what it might want if it knew what was 
available. The task of enlightening the public to an 
appreciation of good-quality reproduction, and what it 
is worth, might be considered a legitimate activity of the 
new Engineering Public Relations Committee, of which 
The Institution is a supporter. If the public could be 
persuaded to take broadcast programmes more seriously, 
broadcasting, as a system, would become more valuable 
and so justify its great expense. One of the' major 
factors is the acoustic fact that good-quality reproduc¬ 
tion, involving crisp speech and clear-cut acceleration of 
notes, means a clean bass and good high-note response 
without a sharp cut-off, and is far more attention-com¬ 
pelling than the “ mellow ” tone which the public has 
been trained to accept, by the simple process of not offer¬ 
ing it anything else. The great majority of the public 
has not been trained to listen to original music, and does 
not attend orchestral concerts or appreciate high-grade 
violin playing at first-hand. I have the opportunity of 
listening to between 50 and 100 new broadcast receivers 
and loud-speakers every year under carefully stan¬ 
dardized conditions, and I find ample evidence that the 
general quality of the mass-produced broadcast receiver 
is deteriorating. The trade is not passing technical 
benefits to the public, and from this point of view any 
advocacy of further degradation is retrograde, whatever 
technical merit the author’s scheme otherwise possesses. 

Mr. W. T. Sanderson [communicated ): The paper has 
justified, by analysis, the faith the author expressed some 
2 years ago, in the practicability and advantages of his 
system of asymmetric-sideband transmission. Whether 
it is desirable at this stage to press for its adoption 
depends on one’s opinion of the future of broadcasting as 
a whole. 

There is in many minds a belief that all high-quality 
broadcast reception will eventually be achieved by the 
use of wires and that wireless broadcasting will continue 
principally to serve large, thinly-populated areas. For 
this purpose and for all the commercial services occupying 
the other available channels, a distortion of a few per 
cent is unimportant and the asymmetric system offers 
most valuable advantages. 

Even if broadcasting were to continue on the present 
lines, I should hesitate to support the immediate adoption 
■of the asymmetric system only because of the fear that, 
.as soon as the change had become effective, station 
separation would be reduced to 5 kc. and all chance of 
getting good reproduction wiped out for ever. 

It is claimed that the public do not want the reproduc¬ 
tion of top notes because if a tone control is provided 
the user always sets it at “ mellow. ’ ’ Surely this is a false 
deduction. Much as one may dislike " mellow ” repro¬ 
duction, it is more pleasant than the harmonic distortions, 
resonances, and sideband splash, which contribute so 
largely to top-note response to-day. Further technical 


advances, particularly in loud-speaker design, should 
remove present difficulties, when the demand for a wider 
frequency spectrum would probably arise. Asymmetric- 
sideband transmission would provide a means of satisfy¬ 
ing the requirements if a 9-kc. carrier separation still 
existed. A large proportion of music is written to 
stimulate the hearer, and the higher frequencies produce 
such stimulation. The average listener may, however, 
want to be lulled, and may use the tone control to this 
end. 

Mr. P. P. Eckersley [in reply ): The asymmetric- 
sideband system was designed to eliminate sideband- 
splash interference, not, as would appear from the dis¬ 
cussion, solely to introduce harmonic distortion. 

The decision as to whether the system merits adoption 
would be more easily taken if some organization would 
spend the few hundreds of pounds necessary to make a 
trial. 

In the absence of large-scale practical tests and con¬ 
tinuing discussion instead of much-needed action the 
merits are debatable, as Mr. Bishop states, in terms of a 
balance of factors. The discussion has revealed a quite 
understandable reluctance on the part of responsible 
people to introduce even more distortion into broadcast¬ 
ing systems, but has not shown any desire to consider the 
merits of asymmetric technique in regard to its ability to 
eliminate interference. As a matter of principle it is 
right to attempt, so far as is practically possible, to 
eliminate harmonic distortion. As a matter of principle 
it is equally right to attempt, so far as is practically 
possible, to eliminate interference. In principle, there¬ 
fore, these two factors cancel and it is the harder task, 
once the safe shelter of principle is abandoned, to decide 
the question quantitatively rather than qualitatively. 

No one has challenged tire quantitative conclusions set 
out in the paper and they can therefore be re-stated with 
more confidence since they have passed unscathed the 
critical examination of well-informed technicians. 

(1) The harmonic distortion introduced in transmis¬ 
sion by asymmetric technique amounts to between 2 % 
and 3 %. This maximum figure of distortion occurs only 
when modulation is of the order of 80 %, namely it occurs 
during about 10 % of the time of transmission. The dis¬ 
tortion of this value occurs at a modulated frequency of 
3 000 cycles per sec. (roughly) and falls to negligible values 
at 2 000 and 4 000 cycles per sec. and is thus concentrated 
in a narrow band of frequencies. 

(2) For the introduction of the negligible amount of 
distortion in transmission defined above, sideband splash 
may be reduced 10-fold, but receivers, when tuned 
asymmetrically to do this, may introduce more distortion 
than the 2 %-3 % existing in transmission. 

As a reassurance of (1) above it has been proved that 
even highly trained ears have found considerable diffi¬ 
culty in distinguishing between orthodox and asym¬ 
metric technique even in terms of a standard the public 
could never expect unless they were allowed a service of 
wire broadcasting. 

Thus, in the first place, high-quality reception need not 
be disturbed by the introduction of the asymmetric-side¬ 
band system, because high-quality reception can in any 
case only take place when the field from the wanted 
station is very strong and when therefore sideband splash 
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is not heard and when therefore the receiver may be 
tuned symmetrically. The symmetrically tuned receiver 
does not introduce further distortion due to asymmetrical 
treatment of sidebands and that is why, in answer to 
Mr. Kirke, it is necessary to take so much care in design¬ 
ing the transmitter filters, since they alone determine 
distortion in conditions for high-fidelity reception. 

But the point made by several speakers is that the 
receiver must be tuned asymmetrically if it is to benefit 
from the introduction of asymmetric transmission in 
eliminating sideband-splash interference, and it must, in 
being tuned asymmetrically, introduce more distortion 
than is present in transmission. 

The question is then: “Is it worth while introducing 
more distortion for the sake of eliminating interference ? ” 
This question is resolved by knowing how much extra 
distortion will be introduced, or more exactly by knowing 
what proportion of the total distortion existing in typical 
receivers will be added by asymmetric tuning and asym¬ 
metric transmission. In the latter question we are 
involved with Dr. Hughes’s point that, bad as receivers 
are, we should encourage improvement rather than, as 
he implies, discourage it by introducing more distortion. 

Taking these points in order of their statement, I think 
that, provided it can be proved that the extra distortion, 
in spite of asymmetric tuning where sideband splash is 
otherwise inevitable, is negligible, then the asymmetric 
system should be used. 

Mr. Voigt has brought out a point which I think is 
highly relevant in asking if in fact one must always 
refer to " added distortions.” In any broadcasting 
system we must presuppose several sources of harmonic 
distortion. Is it conceivable that the phases of all these 
distortions will be coincident? Surely not. Indeed, 
experiments prove that the amplitudes of harmonics 
seldom add arithmetically. I have attempted at different 
times to prove experimentally the findings of my analysis, 
and seldom have I been able on a first experiment to 
get as much harmonic as would be indicated by theory to 
exist, given certain measured degrees of asymmetry 
between counterpart sideband components. Only after 
a rigid examination of the rest of the system to eliminate 
all sources of harmonic distortion have the quantitative 
results agreed with theory, and, as said above, the sum 
of a number of harmonics is a vector not an arithmetic 
addition. 

Mr. Bailey observes, and I see no reason to deny his 
contention, that phase asymmetry in typical receiver 
filters may introduce vastly more distortion than is 
spoken of as a part of asymmetric-sideband technique. 
But I have lately made experiments which prove that 
the addition, in the chain of filters between modulation 
output and detector input, of two filters consisting each 
of two tuned circuits coupled through the mutual induc¬ 
tance between; their inductance elements does little to 
change the Mj_ versus A/ characteristic, showing that 
the extra phase distortion is very small. 

The proper adjustment for the receiver filter is that 
it shall be substantially fiat over a range of frequencies 
fo - A f x to / 0 + A /, where A / is the highest modula¬ 
tion frequency fully represented. 

If this adjustment is made there is a moderate degree of 
phase-characteristic symmetry, and that is probably why 


the extra distortion introduced by a receiver filter so 
properly adjusted is slight. 

Dr. Sandeman and, to a degree, Mr. Kirke miss this 
point when the former argues that every receiver will 
not only introduce extra harmonic distortion but extra 
demodulation as well, making it necessary to apply 
demodulation correction to every receiver or to use the 
same type of receiver “ everywhere.” If the receiver 
filter is fiat over the range/ 0 —- A/ w and only introduces 
an attenuation, which tends to eliminate a sideband 
component already substantially removed in the trans¬ 
mitter filter, at frequencies lower than f Q — A, no extra 
correction is needed in these conditions since the full 
6-db. correction required has already been supplied in 
the transmitter. 

My own feeling is, that, seeing that there is a good 
deal of distortion present in transmission in any case, 
believing that distortions do not necessarily add but 
often cancel, and knowing that there is a large amount 
of distortion existing in receivers in any case, the extra 
distortions, due to asymmetric tuning, would pass un¬ 
noticed, whereas the elimination of interference would 
not; the former, even if present in a small degree, is 
fully compensated for by the absence of the latter in 
large degree. 

We come now, however, to a point implicit in a state¬ 
ment made by Mr. Bishop and clearly set out by Dr. 
Hughes. This is the question as to whether we should not 
leave things alone and attempt rather to encourage the 
production of better receivers than to recognize distortion 
as inevitable and to introduce more than is absolutely 
necessary in transmission. The shock administered to 
Mr. Bishop by my statement " that it is hardly the 
business of transmission authorities to solve reception 
problems introduced by changes in transmission tech¬ 
nique ” rebounded upon its author when I realized that 
this was a quotation outside its full context and Mr. 
Bishop failed to state that the sentence he quoted was 
completed by saying “ provided they can be satisfied that 
it is not impossible or impracticable to design circuits 
to make full use of the changes.” I would remind Mr. 
Bishop that he was as impatient as I was when permission 
to proceed with the Regional Scheme was delayed because 
it was alleged that it was impossible for a typical receiver 
to select between two transmissions of equal strength 
having an average of 100 kc. carrier-difference frequency. 
My statement, when taken in its full context, seems justi¬ 
fiable unless all of what used to be called “ private 
enterprise ” is to be managed by the State. 

In spite of Mr. Kirke’s revelation that for a moderate 
price one can buy receivers “ which will receive well up 
into the region 8 000-9 000 cycles per sec.” (i.e. into the 
region of sideband splash), I am inclined to agree with 
Dr. Hughes “ that the general quality of the mass-pro¬ 
duced receiver is deteriorating.” Mr. Kirke's receiver 
would seem to be chiefly useful for local station reception, 
but I would add that it has to be a very good receiver even 
for that purpose if, as Mr. Sanderson so rightly observes, 
its top reproduction is not to be more irritating than 
pleasing. The average receiver wisely cuts off top to 
avoid sideband splash and, on local station reception, that 
horrible hard grating noise that is so prone to accompany 
a receiver with a “ good ” frequency characteristic. 
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Turning, however, to Dr. Hughes’s contribution, one is 
forced to be drawn into seemingly irrelevant discussions 
of economics and sociology if one is to prove that, 
admirable as are his intentions to elevate public taste, 
the means to do so in the present state of affairs are non¬ 
existent. While it is no doubt deplorable that the 
standard of reproduction tolerated by the public is very 
low, it is equally sad that the cost of good reproduction, 
both in money and in bulk, is very high. 

I agree that it is the duty of engineers to attempt to 
" pay the public the compliment of offering them some¬ 
thing slightly better than the public thinks it wants,” 
but it is no good doing this unless, as the salesman says, 
" the price is right.” Reforming zeal seems often more 
pronounced as the problem to be solved is more removed 
from reality. The way to give the public good reproduc¬ 
tion is first to create a public which demands it, and 
secondly to give them the money to pay for it. Deploring 
the fact that private enterprise produces a cheap article 
which makes a nasty noise but which is the only article 
the average public can buy, gets us no farther. Is it, 
moreover, realized that besides being costly the apparatus 
of good quality is extremely bulky ? People tend to live 
in smaller and smaller rooms, while a wireless set of 
the high-fidelity type is relatively massive. The “ bijou 
set ” was sold in such vast numbers mainly because it 
was so “ bijou,” cost very little, and gave an adequate 
result. It supplied a public demand. Before, therefore, 
the engineer can do his duty he must face the facts, which 
are (1) that the public wants to be amused, (2) the 
public either does not find broadcasting sufficiently 
amusing to justify a large expenditure, or (3) has not 
much money to spend on it, or (4) even if an individual 
has a great deal of money ne nevertheless does not want 
to lumber up his rooms with great boxes emitting even 
the most crisp top. 

In sum, assuming the continuance of the present 
economic and political regime and assuming the continu¬ 
ance of wireless rather than wire broadcasting, distortion 
in the majority of receiving sets is inevitable. Desirable 
as it would be to reduce it, I cannot see how it can be 
done without State control, regimentation, and subsidy. 
Assuming, therefore, that distortion, in large amounts, is 
inevitable, I argue that the extra distortion, which may 
well be a less distortion, due to asymmetric transmission 
and reception will not be noticed. Which then is worse, 
a distortion which would not be noticed or an interference 
that is ? Is quality alone defined in terms of harmonic 
distortion ? Does not the ridding of interference con¬ 
stitute a gain in quality? Is not the possibility of 
extending the frequency range an increase of service ? 

Nor is this all. The asymmetric principle, according 
to my proposals, is the first step in an evolution towards 
the commonly desired end of carrier and single-sideband 
working. I cannot accept the “ reasons ” which led Dr. 
Sandeman to deny the relevance of my proposals to treat 
the asymmetric system as a step in an evolutionary 
development. Dr. Sandeman would prefer to wait until 
the progress of receiving-set design ...” has further 
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reduced costs to the point where the community as a 
whole can afford straight single-sideband working.” Dr. 
Sandeman would be more convincing if he even indicated 
what this evolution should be, how receiver manu¬ 
facturers, interested only in making money, are. going 
to tackle the problem of producing receivers for 
” straight ” single-sideband working, and what incentive 
there is to produce single-sideband receivers for double¬ 
sideband transmission. 

I greatly appreciate Mr. Voigt’s contribution to the 
discussion, which reinforces the ideas I have endeavoured 
to set out. The experiments he made on the sound 
spectrum analysis are interesting in that they confirm 
the general usefulness of the curve of Fig. 14. 

Turning, at the conclusion of this reply, to the more 
technical points, I agree with Dr. Sandeman that it 
would be possible to use a multi-section filter in con¬ 
junction with phase-compensation networks, but would 
it be possible to produce an apparatus having the same 
performance as the one described in my paper for the 
same cost ? It would seem to me that a merit of my 
system lies in its simplicity and therefore small cost. I 
agree with Mr. Bailey that m derived sections could be 
used, particularly in the band-elimination filter, in order 
to continue the full attenuation over the outer parts of 
the cut-away sideband, but it is perhaps proved by the 
spectrum-analysis diagrams that the present performance 
could hardly be bettered in the generality of cases with¬ 
out introducing either more distortion or more spectrum 
overlap. 

I am grateful to Mr. Bailey for showing how my model, 
designed to show the vector analysis of the asymmetrical 
treatment of sideband components, could be adapted to 
illustrate frequency modulation—the point had escaped me . 

Bad distortion was, as Mr. Bailey observes, present 
during the demonstration given after the meeting, a 
fault (later discovered) having developed in the receiver 
common to both transmissions. I am sorry that because 
I adopted the commonly-employed convention of setting 
out the definition of the symbols in an introductory list, 
rather than defining them each time they were mentioned, 
Mr. Kirke found more difficulty in understanding the 
paper than is implicit in the mastery of the subject. 
Mr. Kirke should sympathize with my difficulties, how¬ 
ever, when he appreciates that several critics said the 
paper was far too long while he, on the other hand, 
would have it longer. 

In conclusion it is worth repeating that the asymmetric 
system was developed primarily for use in connection with 
carrier-current wire broadcasting, wherein it has proved 
both practicable and useful. 

As Mr. Sanderson so relevantly observes, wire broad¬ 
casting must obviously one day replace much of wireless 
broadcasting, and maybe it would be better to con¬ 
centrate on developing this system which, for a cheap 
price, would give good-quality reproduction to the public, 
than spend more time and money on ” bolstering an 
inefficiency ” by applying asymmetric-sideband tech¬ 
nique to space broadcasting. 
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SUMMARY 

This paper is concerned with the fluctuations generated in 
networks with non-uniform temperature distribution. Ex¬ 
periments are described which verify a formula relating to 
thermal fluctuations deduced in an earlier paper. The 
simplified representation adopted in that paper is fully sub¬ 
stantiated: the fluctuations are shown to be independent of 
the temperature of reactive circuit elements. 

Coexistent thermal and thermionic fluctuations are then 
discussed. They are assumed to be mutually independent, 
and experiments are described which verify this hypothesis. 
A representation of thermionic fluctuations is proposed analo¬ 
gous to that adopted for thermal fluctuations, and a general 
formula applicable to certain classes of networks containing 
thermionic valves is deduced. 

This formula is applied in a concluding section to a wide¬ 
band photocell amplifier. Various practical recommenda¬ 
tions are made which yield improved signal/noise ratios. 
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exist a generator delivering a mean-square voltage within 
any frequency band df of value v% — 4r x lcT x df. 

It was then shown that the mean-square voltage, 
within the frequency band df, appearing between any 
two points B and B / of the network was 


where 



( 1 ) 


7 J lsx — modulus of the transfer impedance from the 
hypothetical generator in series with the 
typical resistance, r x , to a short-circuit joining 
the points B, B'. That is 1/Z £x = current 
in the link joining BB' per unit e.Tn.f. in series 
with r x . 

Z- = modulus of the network impedance from B to B'. 
k = Boltzmann’s constant. 

T x — absolute temperature of r x . 


The impedance values are relevant to the mid- 
frequency of the small band df. 

With uniform temperature distribution this was shown 
to reduce to 
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= ilcTrdf .(2) 

where r is the real part of the impedance from B to B 
a result in accordance with Nyquist’s earlier analysis.f 
Equation (2) was verified experimentally in the earlier* 
paper: one purpose of the present paper is to verify the 
general equation (1). 

LlewellynJ has used the equation 



(11) Bibliography. 


(1) INTRODUCTION 

In a recent paperf the author deduced a general for¬ 
mula for the thermal fluctuations! appearing between 
any two points in a network of linear conductors. The 
analysis was based on the hypothesis that the fluctua¬ 
tions can be regarded as being produced by elementary 
fluctuation generators supposed acting in series with 
each element of resistance. Thus in series with the 
typical element of resistance r x there was supposed to 

* The Papers Committee invite written communications, for consideration 
with a view to publication, on papers published in the Journal without being 
read at a meeting. Communications (except those from abroad) should reach 
the Secretary of The Institution not later than one month after publication of 
the paper to which they relate. 

t See Bibliography, (1). (B and B' replace A and A' in the paper referred to.) 

t The term *‘ fluctuation ’ ’ is here used to refer to the spontaneous oscillations 
of potential which appear in electrical circuits due to ‘‘Brownian motion,” 
” shot effect,” etc. 


relevant to a resistance R 1 at temperature T 1 in parallel 
with a resistance at temperature r l\- This is a par¬ 
ticular example of the general equation (1). Moullin and 
Ellis§ have described an experimental check of this 
equation: their results were not in perfect agreement 
with it, but they ascribed the discrepancy to imper¬ 
fections of their experimental method and did not then 
consider that it merited closer investigation. 

The present paper also extends equation (1) to cover 
certain classes of networks generating thermionic as 
well as thermal fluctuations. 

This extension has been made in order to facilitate 
the prediction of the total noise output of amplifiers: 
the well-known simple formulae for shot and thermal 
effects permit such prediction only when one or other 
of the effects is dominant, for' the mechanism of their 

t See Bibliography, (2). X Ibid., (4). §Ibid.,( 3). 
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addition in complex networks has not been studied. 
The non-uniform temperature distribution is included 
partly for the sake of completeness, but also because 
variation of the temperature of a resistance modifies its 


The box containing the heated elements is shown in 
Fig. 1. It consisted of a 6-in. cube of cast iron having 
a 2 in. dia. hole drilled as shown; the cast-iron lid was 
4 in. thick and the leads passed out through mica bushes. 



Fig. i. —Sketch of box containing heated resistance. Mica washers shown black. 


thermal fluctuation without modifying the circuit para¬ 
meters, thus facilitating the experimental determination 
of the contribution of each circuit element to the total 
fluctuation. 

It may appear that equation (1) does not strictly 
relate to circuits with " non-uniform temperature dis¬ 
tribution,” but only to circuits having finite elements at 
different temperatures. However, the elements of 
resistance such as r x can be taken very small and the 
condition of continuous temperature variation ap¬ 
proached as closely as desired. 

An example of the use of the formulae is given in a 
concluding section, where they are used to determine 
the noise/signal ratio in a wide-band photocell amplifier. 

(2) EXPERIMENTAL APPARATUS 

An 8-stage amplifier supplying a thermo junction was 
used; its design was straightforward and does not merit 
detailed description. The response characteristic was 
adjustable by the insertion of suitable filter circuits. 
The magnification could be varied by adjustment of 
screen grid potentials: at its maximum, full-scale de¬ 
flection (50 cm.) corresponded to an input voltage of 
about 0-1 /xV (r.m.s.). Fluctuations generated in the 
amplifier itself were equivalent to the thermal-agitation 
voltage generated in a resistance of 2 • 3 kQ connected 
to the input terminals. 

A junction box of | in. brass sheet with a flush-fitting 
lid contained that portion of the apparatus which was 
to be kept at room temperature. The output from a 
calibrated attenuator was fed to this box, as also were 
the input leads from the amplifier, and the shielded leads 
from the box containing the circuit elements to be 
heated. 


This massive construction was adopted in order to obtain 
a substantially uniform temperature inside the box, so 
that the measured temperature should be that of the 
resistance. The box was heated externally with bunsen 



Shield 

Percentage displacement from bottom 


Fig. 2.—Vertical temperature distribution inside the heated 
container shown in Fig. 1. 

burners, and was allowed to attain a steady temperature 
before each set of observations was taken, 

A test of temperature distribution is shown in Fig. 2, 
where recorded temperature is plotted as a function of 
the vertical immersion of the thermometer: it can be 
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seen that the whole iange of temperature is only 
29 deg. C.; that is, little more than 10 % of the excess 
of the mean temperature above the room temperature. 
It is presumed that this figure, 10 % of the excess, is ■ 
sensibly independent of the excess, since the non- 
uniformity is due to uneven heating of the box, which 
was always heated from below. Thus with a maximum 
temperature of 500° C. the range of temperature probably 
had a maximum value of about 7 % of the absolute 
temperature (50° K. in 773° K.). The resistances to be 
heated were wound in two sections on thin mica cards. 
The wire was 0-001 in. dia. nichrome. The two cards 
were enclosed in a copper shield and spaced from each 
other and from the shield by transverse lengths of J in. 
square brass rod. The spacers, together with the shield, 
gave a totally enclosed resistance (see Fig. 1). The 
temperature inside the shield must therefore have been 
very close to the average temperature over its outside 
surface. The positions of the shield and thermometer 
are shown in Fig. 1; the correct immersion for the thermo¬ 
meter was deduced from Fig. 2. On the basis of Fig. 2 
and the foregoing discussion it is thought that errors 
due to uneven temperature distribution cannot have 
exceeded 1 % in absolute measure. 

The thermometer was of quartz and was calibrated 
with boiling water, naphthalene, benzophenone, and 
sulphur. The calibration points were all within 4 % 
of the marked temperature. 


(3) EXPERIMENTAL PROCEDURE 

The input impedance of the amplifier was of the order 
of 0 • 25 MQ, and was believed to be largely capacitative. 
The effect of this on the fluctuations generated by the 
test apparatus was eliminated by the technique described 
below. In Fig. 3, Z = R + jX represents the complex 
test apparatus, while jX' represents the reactive input 
impedance of the amplifier and its associated leads. 

The sinusoidal calibrating voltage V of frequency / 
was introduced at C. 

It follows from equation (1) that the mean-square 
fluctuation voltage between B and B' in the narrow 
frequency range dj situated about / is 


i,2 - 


Z jX' 


2 . 7 

*- 


|z + A1 

The mean-square voltage from B to B' due to V is 


v~ 


.A' 


|Z + jX' 
The ratio of.these expressions is 

ZA' 




Z + A 


A' 


Z -I- A' 


2 Mfxpr x T x 

' F* A 


This ratio is independent of X': thus the reactive 
component of input impedance does not affect the 
measurement. A comparison of the deflection due to 
V and that due to fluctuations generated in Z and jX' 
in parallel thus measures the fluctuations which would 


appear across Z if it were isolated. This result holds 
only if the amplifier input impedance is purely reactive; 
it can be shown that in the general case 'the " series ” 
method of comparison is preferable to that in which 
first Z and then V are connected to the amplifier, the 
ratio of the two deflections being taken as a measure 
of the fluctuation generated in Z if it were isolated. 

The amplifier was not calibrated in absolute measure. 
The fluctuations generated in the test apparatus were 
compared with those generated in a metallic resistance 
of known value. The observed fluctuations were ex¬ 
pressed in terms of the resistance which generated a 
fluctuation equal to that generated in the test apparatus. 

The following deflections were noted:— 


dy . . . with the amplifier input short-circuited. This 
was due to amplifier noise. 

#o . . . with the test apparatus connected to the amplifier. 
... as 9 2 but with a sinusoidal calibrating voltage V 
in series with the test apparatus. 

By . . . repeated. 

Qy . . . with a metallic resistance R' connected to the 
amplifier. 

d 5 . . . as # 4 but with V in series with R'. 


, 2-R+jX . 
(Test apparatus) 



jx‘ 

(Amplifier) 


Fig. 3 


The deflections were not steady, but showed a random 
variation of about 5%. Accordingly, 6 sets of read¬ 
ings 9y . . . 6 5 were taken for each experimental point, 
values of ( 0 2 — By)/{B 3 — B 2 ) and [d 5 — 0 4 )/( 0 4 — By) 
being derived from each set. 

Any individual value of either ratio which differed 
more than 5 % from the mean was rejected as spurious. 
Such rejections averaged about 1 in 10; the bulk of the 
remainder were within 2 % of the mean. 

By taking measurements in this order, the effect of the 
inevitable slow decrease of amplification with time was 
eliminated, for each set of measurements, By to B s and 

to 0 5 , was taken in less than 2 minutes. 

It follows from the above discussion that the measured 
value of the fluctuation voltage generated across the 
test apparatus, when isolated, expressed in equivalent 
kilohms at the temperature of R', is 

R e = ^ R/ kO (R' in kilohms) 

^3 ^2 ^4 ~~ “i 

The final value of the observed fluctuations was 
deduced from, this equation, using the mean values of 

(#2 $i)/($3 $2) an< ^ (^5 ~ $4)/($4 “ H)- 

As a test of the method and the apparatus, several 
new resistances were checked against one which had 
been shown* to yield a pure thermal fluctuation. Those 

* See Bibliography, (1) {Section 4). 
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resistances which were to be heated in subsequent 
experiments were tested in the special container;, the 
remainder were placed in the junction box for test. 

Fig. 4 shows the results of the test. Here the equiva¬ 
lent resistance in kilohms determined by fluctuation 
measurements is plotted as a function of the d.c. resis¬ 
tance in kilohms. A straight line having a slope of 45° 
is drawn on the figure. All points lie close to the line and 
show a mean divergence of 0 • 2 % only. 

It is to be noted that any appreciable grid current in 
the first amplifier stage would yield a parabolic curve. 
The experimental results show no such tendency over 
the range covered, and it is presumed that grid current 
was neglibible, i.e. less than, say, 0-05 juA. 

(4) RESULTS WITH METALLIC RESISTANCES IN 

PARALLEL 

In this experiment the test impedance Z consisted 
of two sensibly pure resistances. The temperature of 



Fig. 4.—Comparison of resistance values obtained from 
fluctuation measurements with the d.c. values. 


one resistance (B 2 ) could be adjusted to any value 
between 20° C. and 470° C.: the other (R x ) remained at 
room temperature. 

It follows from (3) that the relevant fluctuation in 
the range df is 



1 


2j> 

a\ ' Bj 


Expressing v 2 in terms of the equivalent metallic resis¬ 
tance B 0 at the temperature T 1 required to yield an equal 
fluctuation., we have 


— R-, 


Bo 


Bj B z 


1 + 


B 


Bj 


• (4) 


, This expression is linear in r J\ if T 1 and B z remain 
constant. The value of B 2 was found to increase 2 % 
at 470° C.: in presenting the results its value has been 
taken as independent of temperature and equal to its 
measured resistance at 220° C. The proximity of the 


* T<i and r l\ are the absolute temperatures of Hi and Ri, respectively. 



Fig. 5. —Fluctuation's across two resistances in parallel as a 
function of the ratio of the temperatures of the resistances. 
Amplifier response limited to a 10 % band about a 
frequency of 8 kc. 

Full lines show predicted values. 

Plotted points show experimental results. 



Fig. 6. —As Fig. 5, but with different resistances and with the 
amplifier response limited to a 5 % band about a fre¬ 
quency of 5 kc. 
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heated apparatus caused T 1 to vary over a range of 
5 %: this variation was taken into account in the ratio 
T 2 fT v 

The results shown in Fig. 5 -were obtained with the 
amplifier passing a 10 % band* centred on a frequency 
of S kc. Line (a) on the figure is drawn according to 
equation (4), with R 1 = cc and R 2 ~ 7 *41 kQ: line ( b ) 
refers to JK 1 =13-55kQ and i? 2 =7-41kQ. The 
observation points lie close to these lines: thus for line ( a) 
the maximum discrepancy is + 4 % and the mean is 
+ 0 • 4 %: for line (b) the ■ figures are ± 3 % and 
+ 0-02 % respectively. 

Fig. 6 records the results of a similar test, but the 
amplifier now responded to a 5 % band centred on a 
frequency of 5 kc. Line (a) relates to R 1 = oc and 
i?„ =s 3-54 kQ, line (&) relates to R x = 11-9 kQ and 
i? 2 — 3-54 kQ, whilst for curves (c) R 1 = 5- 485 kQ 
and J? 2 =3-54kQ. The maximum and mean dis¬ 
crepancies for lines (a), ( b ), and (c) are + 4 % and 

— 0-2%, — 3-5% and —0-6 %, and + 3 % and 

— 0 • 3 % respectively. 

These experiments appear to establish equation (3) 
beyond doubt, and verify the view expressed by Moullin 
and Ellis that the discrepancy they found was due to 
experimental error. 


(5) THERMAL FLUCTUATIONS IN A RESONANT 
CIRCUIT WITH NON-UNIFORM TEMPERATURE 

In the earlier paperf a resonant circuit such as is shown 
in Fig. 7 was tested under conditions of uniform tempera¬ 
ture distribution and shown to yield results supporting 
equation (1). With the two resistances at different 
temperatures, equation (1) gives 


t-2 = 


R 1 T 1 


+ 


-^2^2 


Lflf + iAu 2 r 


Hence, if R 1 and R 2 are small compared with Leo and 
l/(Ca>), we have, by the process previously adopted, 



v 2 -^l 

ZsB L 2 co 2 

where co Q — lf-\/(LC). 


^2 T 2 . / 

\io 0 J 


• ( 5 ) 


The curves of Fig. 8 show experimental results obtained 
with a circuit with C — 0-001 fLF (nominal) and 
L = 183 mH. R 2 was heated; it had a value of 1 975 Q, 
whilst R 1 was 1 860 Q. Experiment at the resonant 
frequency showed that residual losses in the coil were 
equivalent to a series resistance of 390 Q: this was 
regarded as independent of frequency. The total value 
of R 1 was thus 2 • 250 kQ. For curve (a) ojIco 0 was unity, 
for curve ( b ) co/co 0 was 1-15, and for curve (c) oj/a> Q was 
0-895. 

All points lie close to straight lines in accordance 
with (5). 

Values of Z^]j'H 1 I(L 2 oj 2 ) were deduced from the 

* the “ band ” is here defined as the percentage frequency interval enclosed 
between ordinates of the response curve having values l/V'S of the maximum 
ordinate: in comparisons of this kind the exact shape of the response curve is 
immaterial. 

f See Bibliography, (1). 


observations with T 2 jT 1 = 1, a condition in which the 
expression has already been checked.* The dotted lines 
were then calculated from equation (5). They lie close 
to the experimental lines, the maximum divergence being 
5 %, but they are in all cases steeper by about 10 %. 



Ri 

riVWVV— 


«=*) 


B 



Fig. 7 

Fig. 9 records the results of a similar test, but with the 
resistance (now termed i? 2 ) in series with L heated in¬ 
stead of that in series with C (now termed ib^.f The coil 
remained at room temperature and thus its inherent 



Fig. 8.—Fluctuations in a resonant circuit as a function of 
the temperatures of the resistance elements. 

Curve {a). —u/uj =1 1 

Curve (6).—w/u>o = 1*15 J-co 0 = 2 tt X 10 450 

Curve (c).—w/w 0 = 0 • 895j 

The amplifier band width was about 3 %. 

The dotted lines show the expectation. 

resistance R 2 {— 390 Q) remained at T v With these 
conditions it follows that 


R e = zIb'R^u) 2 1 


-^2 f " o \ 4 , - ^ 2^2 ( ^( A 4 
R^coJ RjT^co) 


df 


The lines in Fig. 9 have been drawn according to this 
expression, absolute values again being based on the 
observations with T 2 jT 1 — 1. The experimental points 
follow the lines very closely. 

Finally the condenser alone was heated, the remainder 


* See Bibliography, (1) (Section 5). 

t Thus the definitions of Ry and i? 2 implicit in Fig. 7 are interchanged: this 
has been donfe so that 2’ 2 remains the adjustable temperature. 
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of the circuit (i.e. L v R v R 2 , and R%) remaining at room 
temperature. The amplifier response curve was centred 
on the resonant frequency of the circuit and had a much 
greater band-width. Accordingly, the amplifier was 



Fig. 9.—As Fig. 8, but with J R 1 and 72 2 interchanged (see 

Fig. 7). 

sensitive to the whole fluctuation output of the test cir¬ 
cuit. The results, recorded in Fig. 10, show conclusively 
that the fluctuation output is independent of the tem¬ 
perature of G, and hence that the resistance components 
alone are the seat and origin of the mechanism pro¬ 
ducing the thermal agitation fluctuation. 


30 

20 

4 

4 

10 


0 

Fig. 10. —Fluctuations in a resonant circuit as a function 
of the temperature of the condenser. 
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This result is of much interest when it is remembered 
that the total fluctuation voltage (i.e. in the frequency 
range 0 to oo ) of a circuit at uniform temperature is 
expressed by the equation* 



* See, for example, Bibliography (3). 


and is independent of R. It follows also that this 
expression is valid with non-uniform temperature, pro¬ 
vided T is the temperature of all resistive elements. 
[Note:—It is now clear that the mere form of equa¬ 
tion (2) is insufficient evidence that the fluctuation can 
be ascribed to R alone, a fact which this last experiment 
has finally established.] 


(6) COEXISTENT THERMAL AND THERMIONIC 
FLUCTUATIONS 

In most analyses of circuit fluctuations the prepon¬ 
derant contribution to the fluctuation can be ascribed 
to either thermal or thermionic effects: when both are 
present to a comparable degree the evaluation of the 
resulting fluctuation presents considerable difficulty. 
Thus, referring to Fig. 11, there will exist across R a 
thermal fluctuation due to Brownian motion of the 
electrons and a further fluctuation due to the passage 
of the thermionic current. If the current is of suitable 
value [of the order of 2]cT/(eR), where e is the electron 
charge] the magnitudes are comparable. Such low 
currents must be used if recent advances in the theory 
of the shot effect are to be investigated experimentally.* 
If the current is temperature-limited the two effects 
are evidently independent, and therefore additive, hence 
we may write 

^ = + 2/e ) d/t • • • • ( 6 ) 



as the total fluctuation across R in the range df, where e 
is the electron charge and I is the steady value of the 
temperature-limited current. 

If the current I is space-charge-limited the valve will 
exhibit a finite slope resistance p. Two difficulties are 
at once encountered. Firstly, fluctuations of anode 
potential due to thermal agitation in R may dictate the 
release of electrons from the potential barrier inside the 
valve, thus vitiating the condition of mutual indepen¬ 
dence of the fluctuations. Secondly, the mechanism of 
the addition of the effects is rather obscure. It is 
possible to argue that mutual dependence of the thermal 
and thermionic effects will be small since the fluctuations 
of anode potential are small. This paper will proceed 
on the assumption that the effects are completely 
independent, the suitability of the assumption being 
later verified by a rigorous experimental investigation. 
The mechanism of the addition has been briefly outlined:!: 
by the author in an earlier paper, the resulting expres¬ 
sion being 

(sr/Rr + H** ■ ■ <7) 


* See Bibliography, (7), (8), and (9). 
t The second term, 2IeRHf, measures the shot contribution. 

% See Bibliography, (C), Section (3). 

£ A is an arbitrary constant fully defined in item {fi) of the Bibliography. 
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This equation can usefully be interpreted with refer¬ 
ence to the equivalent circuit of Fig. 11 shown in Fig. 12, 
in which the valve is represented by the resistance p. 

Here the thermal fluctuation in R is represented by a 
hypothetical generator as already described. An analo¬ 
gous generator is shown in series with p: this generator 
must yield an output vj such that it represents the 
thermionic fluctuations generated in the valve. Com¬ 
parison of'(7) with (3), which relates to an identical 
circuit, shows that the relevant value of v 2 is 

v 2 = 2 AlepHf* .(8) 

This representation of the source of thermionic 
fluctuations as concentrated in a hypothetical generator 
has even less physical significance than the similar 
representation adopted for thermal fluctuations: its 
adoption, however, permits of the formulation of general 
equations which simplify the computation of fluctua¬ 
tions in complicated circuits. Thus in any network 
containing thermionic valves which are replaceable by 
equivalent resistances (that is, valves operating in the 
so-called “linear” regimef), the fluctuation appearing 


Anode 



Cathode 

Fig. 12 


between any two points B and B' can be shown by the 
process used in deriving equation (1) to be 

?=w. (») 

l A —' ^Bx Z — J A By J 

where A y , I y , and p y , are the values of A, I, and p< 
relevant to the typical valve denoted by the subscript 
y. the remainder of the notation is that of equation (1). 

If any of the valves are triodes or multi-electrode 
valves normally represented as resistances in circuit 
calculations, there may exist networks in the grid 
circuits which generate fluctuations. In such cases the 
grid fluctuation must be separately calculated, multi¬ 
plied by p, 2 (/x = amplification factor of valve), and added 
to the fluctuation given by (8). This process follows 
the usual representation of grid voltages: it is valid only 
when the grid and anode fluctuations are mutually inde¬ 
pendent, and the analysis does not therefore apply to 
retroactive circuits. 

The total output of the hypothetical generator in ■ 
series with p is then 

v 2 = 2 AIep 2 df + pfiv^df 

= ( 2 Ale + g 2 v‘pp 2 df . . . . ( 10 ) 

* This formula can also be deduced from Pearson’s representation of ther¬ 
mionic. fluctuations in terms of a resistance (= ^ . A.') connected in the 

V 2 17 2 tcTJ 

grid circuit of a triode [see Bibliography, (5)]. 

t With non-linear operation fluctuations are no longer additive [see Biblio¬ 
graphy, (10)]. 


where v 2 df is the grid fluctuation in the range df, and g 
is the mutual conductance of the valve. The final repre¬ 
sentation is jshown in Fig. 13. The modification of (9) 
to allow for v 2 y df is self-evident and will not be discussed. 

P 

Cathode «-0-VWWVWVWVWWVA/-• Anode 

v 2 = ( lAle+^v^). (P 2 df) 

Fig. 13 


It may he noted that p is often sensibly infinite: no 
difficulty is experienced, however, provided p is first 
treated as finite and only put equal to infinity when the 
expression has been cast into a suitable form. 

(7) EXPERIMENTAL INVESTIGATIONS OF CO¬ 
EXISTENT THERMAL AND THERMIONIC 
FLUCTUATIONS 

The results of Section (6) depend entirely on the 
assumption of mutual independence of thermal and 
thermionic effects: the present Section describes experi¬ 
ments designed to test this hypothesis. The first experi¬ 
ments relate to a test of equations (6) and (7); the circuit 
used is shown in Fig. 14. 

i ?2 and C are decoupling components, the impedance of 
C being negligible compared with R at all frequencies to 
which the amplifier is sensitive. The method of evalua¬ 
ting the fluctuation across R in terms of that across the 
metallic resistance R' was precisely that described in 
Section (3). All the apparatus except R remained at r l\ 
(it was situated in the junction box); R was heated in the 
special container. 

It follows from (7) that the fluctuation across R ex¬ 
pressed as equivalent resistance at temperature 1\ is 


R e — R 
= R 



T 2 2 AleR) 

+ 4-M\ J 

^ + 20.41221 

*1 J 


( 11 ) 


if T x ~ 290° K. In the experiments T 1 varied slightly: 
a correction—always less than 1 %—was added to the 
results to compensate for the observed variation. 



Fig. 15 shows the results of the test. Curve (a) relates 
to a directly heated Osram D.E.H.410* valve passing a 
temperature-limited current of 16 /xA: R had a value of 
3 • 54 kQ and p was sensibly infinite. The amplifier 

* Oxide-coated filament. 
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passed a 10 % band centred on 8 kc., flicker effect should 
therefore be negligible and A may be taken as unity. 
Line (a) is plotted from (11); the plotted points are the 
experimental results and show a maximum discrepancy 
of —2 % with*a mean discrepancy of 0-8 %. Curve (b) 
relates to the more important case of a space-charge- 
limited current. The valve was an indirectly heated 



Fig. 15.— Thermal and thermionic fluctuations in the cir¬ 
cuit of Fig. 14 as a function of the temperature of R. 

Curve (a).—Temperature-limited current in Osrara D.E.H. 410 valve, oxide- 
coated filament. 

Curve (6).—Space-charge-limited current in Mazda V914 valve, oxidc-coated 
cathode. 

The straight lines show predicted values. The amplifier passed a 10 % band 
about a frequency of 8 kc. 

Mazda V914 double diode, one anode only being used. 
It was chosen because it yielded a low anode current 
without resorting to a retarding held. The value of 
[pl(R + p)] 2 as determined by the direct method explained 
in an earlier paper* was 0-423. R was again 3 • 54 kO. 
The value of A was deduced from the observation a,t 
— 1; it was 0-665. Agreement is again good, the 
maximum error being +2-2 % and the mean -|-0 * 7 %. 

Some part of this discrepancy may be due to error in 
the evaluation of A. Perhaps a preferable value of A 
would be the mean of the values detennined from all the 
points. This value has been taken in curve (c) of 
Fig. 16, which relates to a similar experiment using a 
different valve of the same type. In this case the anode 
current was 20 pA, and [p(R + p)] 2 was, 0-435. The 

* See Bibliography, (11), Section (2). 


deduced value of A varied between 0-89 and 0-81 and 
had a mean value of 0 • 865. All points lie close to the 
calculated line. Curve (a) corresponds to (a) in Fig. 15, 
except that the valve was an Osram D.E.8.L.F. with a 
directly heated thoriated tungsten filament: the current 
was 10 • 6 pA, temperature-limited. 

Curve (b) shows the expectation when both the above 
currents flow simultaneously through the anode resis¬ 
tance R: this is a final test of the mutual independence of 
three fluctuation sources. It follows at once from equa¬ 
tion (9) and the process used in deriving equation (11) 



Fig. 16. —As Fig. 15, but with different valves. 

Curve (a). —Temperature-limited current in Osram D.E. 8 valve, thoriated 
filament. 

Curve (c).—Space-charge-limited current in Mazda V914 valve, oxide-coated 
cathode. 

Curve ( b ).—The above temperature- and space-charge-limited currents flowing 
simultaneously. 

The straight lines are predicted values. 

that the expected fluctuation, expressed in terms of 
equivalent resistance, is given by 

where Ig and Jy are the space-charge-limited and 
temperature-limited currents respectively. The straight 
line ( b ) has been calculated from this equation, using the 
data relevant to curves (a) and ( c ); the small corrections 
for variation of T 1 were again applied to the experimental 
results. 

The experimental points show a maximum discrepancy 
of —3-6 % and a mean discrepancy of +0-5 %. 

These experiments are felt to establish the assumed 
independence of thermal and thermionic effects beyond 
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reasonable doubt: further,' they augment earlier evi¬ 
dence* in showing that the equation 


rt.2 


= 2 Ale 


( E P 
\R + 



is a suitable representation of thermionic fluctuations, 
whether in fact they are to be ascribed to a thermal 
or a shot mechanism. They also show that, when this 
representation is adopted, p can safely be regarded as 
free from fluctuations in value, and that p is not then 
to be regarded as the seat of a coexistent thermal 
fluctuation, as suggested by Llewellyn, f These results 
also add to the evidence showing that the doubts very 
properly expressed by Aldous and Campbell^ regarding 
the mathematical adequacy of such a formula as an 
expression for the fluctuations generated by a space- 
charge-limited current do not, in practice, limit its 
application. 


(8) APPLICATION TO WIDE-BAND PHOTOCELL 

AMPLIFIERS 

Fig. 17 shows a typical circuit for the first stage of a 
photocell amplifier. C x and G 2 represent the inter¬ 
electrode and stray capacitances to earth of grid and 
anode respectively. The values of the coupling con¬ 
denser and leak will be supposed such that they can be 
omitted from the analysis. If the leak is comparable 



where R = B 2 p/(B 2 + p). In general p »R V and hence, 
from (12), 


i r\ 

v* =- 
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r AkT 


r/ 2 i?i (AkT 
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If now a sinusoidal signal of frequency coI(2tt) and mean- 
square value if be superposed on l v there will result a 
signal voltage across R 2 given by 
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Hence the (noise/signal) 2 ratio over the band width df is 
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which, taking T as 290° K., can be rewritten as 
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Fig. 18 


with R x the relevant value of R x in the analysis is R x in 
parallel with the leak. Following the process outlined 
in Section (6), the grid fluctuation voltage Vgdf is first 
calculated by consideration of circuit elements to the 
left of the dotted line. It follows from equation (9) that 



Rl rAlcT 

1 + R\G\cJ[SR^ 



( 12 ) 


df being supposed situated about the frequency co/( 27 t), 
and it is supposed that p = go and A — 1 for the photo¬ 
cell^ The equivalent circuit of the elements to the 
right of the dotted line is shown in Fig. 18, the fluctua¬ 
tion derived from components to the left being included. 
Application of formula (9) to this figure yields a fluctua¬ 
tion between B and W given by 


R 2 


1 + R 2 C 2 a> 2 L R 


~AkT 


+ g 2 v 2 -f 2 AI 2 e 


df 


* See Bibliography, (6). ■ f Ibid., (4). { Ibid., (14). § Ibid., (13). 
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2 LedfUs is the (noise/signal) 2 ratio in the actual photo- 
current and is the lower limit of N u . The limit is 
approached only if each of the second two terms in the 
bracket is much less than 1. 

At this point it may be noted that the last term, 
representing thermal agitation in the anode resistance 
R 2 , can be omitted if R 2 »0-05/(AI 2 ). Since AI 2 will 
be of the order of 10~ 3 , this condition will always be 
satisfied. 

If now an amplifier is connected across R 2 which has 
a frequency characteristic such that there results a signal 
output voltage v s — mis, where m is supposed inde¬ 
pendent of the frequency of l s over the range 0 — f )nax _ 
and zero outside that range, there will result in the range 
df an output fluctuation 

7 2 = m 2 Nll 2 s 

neglecting fluctuations generated in the amplifier itself. 
The total fluctuation output will be 
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yielding an output (noise/signal) 2 ratio 
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21 ief ma ,%,ll£ is the (noise/signal) 2 ratio existing in the 
photo-current, and represents an absolute minimum 
value for JV 2 , say JV 2 . Further, N 2 decreases to a 
limiting value greater than N 2 with • increasing R v for, 


with JR 1 infinite, 
N 2 : 


€ 


n i + 


Alflui 2 


3V 


max. I 

~ J ‘ 


(15) 


In this expression the second term represents shot effect 
in the first stage. It follows that the best valve to use 
for the first stage is that which yields the lowest value 
for AI^0g 2 lg 2 , where C g is the grid-earth capacitance of 
the valve and is supposed a dominant component of G v 
The valve should be operated in a condition giving a 
minimum value of AI 2 jg 2 , a condition which has been 
found before* and whose attainment has already been 
discussed. Values as low as 50 are readily attainable. 
Hence, taking C 1 as 10 /XjtxF and (x) max _ = 12-56 x 10 6 , 


N 2 


iV 2 [l + 


0-3 X 10- 6 

i. 




• ( 16 ) 


Turning now to finite values of Rp this limit will be 
approached only if R 1 » J./C' 1 ej rnaa: , and 

0-05/^ « 0-3 X 10- 6 , i.e. ^>>0-17 x 10 6 

Both conditions will be sufficiently satisfied if R 1 is equal 
to or greater than 1 megohm. 

Hence, if R 1 exceeds 1 megohm the (noise/signal) 2 ratio 
is governed by shot effect of the photo-current and shot 
effect in the first stage, shot effect in the first stage being 
dominant or negligible according as I 1 is much greater 
or much less than 0-3 fiA [AI 2 Cf(jo 2 max J{3g 2 ) , see equa¬ 
tion (15)]. 

It is believed that television photo-currents are of 
the order of 10~ 10 amp.; amplifier shot effect is then 
dominant and the noise/signal ratio is of the order of 
55 N 0 (see equation 16). If, under similar conditions, R 1 
were chosen so as to avoid the necessity for subsequent 
correction of the frequency characteristic, say R 1 = 1 kQ, 
we have, from (14), N > 1 000 N 0 . The corrected sys¬ 
tem utilizing high R 1 is therefore extremely advantageous. 

It seems impossible to reduce G 1 appreciably below 
10 [XfJL F, and values of N approaching N 0 can only be 
obtained by either increasing the photo-current to about 
10~ 7 amp., or by developing valves for which Allg 2 
is of the order of 0 ■ 5. 

It is interesting to note from equation (14) that with 

* See Bibliography (6), Section (5). 


sufficiently great photo-currents the signal/noise ratio 
approximates very closely to the limiting value obtaining 
in the photo-current. This limit cannot be approached 
with electron multipliers, for secondary emission will 
augment the initial fluctuations of the photo-current. It 
follows that there must exist some value of photo-current 
below which the electron multiplier is preferable and 
above which the thermionic amplifier is preferable. 
This critical value depends on how much secondary 
emission in the multiplier augments the initial photo¬ 
current fluctuations. It seems likely, however, that the 
critical current will be so high as to lie in a region where 
background noise is comparatively unimportant. 

In the foregoing analysis fluctuations generated in 
stages subsequent to the first are neglected. Applica¬ 
tion of the same process to the second stage with the 
anode current of the first valve replacing the photo¬ 
current considered, shows at once that conditions can 
easily be chosen justifying this procedure. It is neces¬ 
sary only to ensure that the stage gain of the first few 
stages shall exceed, say, 2 at a frequency of o) max J( 27 r ). 
Further, in the integration leading to (14), A was assumed 
independent of frequency. Such is in fact untrue on 
account of flicker effect, which increases A at low 
frequencies. But the influence of flicker effect is con¬ 
fined almost entirely to frequencies less than, say, 2 kc. 
At these frequencies the third term in equation (13) will 
be negligibly small compared with its values at higher 
frequencies, since l/(UjC(% aa ;,). (In other words 

equation (13) shows that the relative importance of valve 
noise in a " corrected ” amplifier increases rapidly with 
the frequency / about which df is situated.) Flicker 
effect can therefore be neglected and does not invalidate 
the analysis. It may be noted that this does not hold 
with "uncorrected” amplifiers, for then R ± ~ 1 lC x <x> max% 
It is therefore a further advantage of the corrected 
system that flicker effect is effectively suppressed, the 
fluctuation output of the amplifier due to valve noise 
being concentrated towards the higher-frequency end of 
the spectrum.* Also grid current has been neglected 
in the discussion; it will yield an entirely negligible 
fluctuation provided it is less than, say, 10~ 8 amp., and 
will not become dominant in the typical case considered 
till it exceeds 0-34 fiA. An analysis including grid 
current can readily be developed by the method given 
above, the grid-current fluctuation being analogous with 
that produced by the photo-current. 

To summarize:— 

High values of R v say greater than 1 megohm, should 
be used, the resulting loss of high frequencies being com¬ 
pensated in subsequent stages. The first valve should 
be chosen and operated such that AlC^fg 2 is a minimum; 
this is vitally important when the photo-current is less 
than, say, 10 -7 amp., for valve noise is then dominant. 
Grid current should be less than 10“ 8 amp. 

Braudef has already discussed this problem and has 
arrived at the conclusion that R t should be kept high. 
He assumed the thermal hypothesis $ of valve fluc¬ 
tuations, and accordingly believed that fluctuations 
generated in screen-grid valves were basically negligible, 
a belief which has been disproved experimentally. § 

* Braude’s [see Bibliography, (12)] suggested " double amplifier,” one dealing 
with low and one with high frequencies, is therefore unnecessary. 

t See Bibliography, (12). % Ibid., (4), (6), and (11). § Ibid., (6). 
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Further, Braude’s analysis omitted the fluctuations 
generated in the photo-current itself. These two 
sources of fluctuations have been shown to determine 
the practical and ideal limits of background noise respec¬ 
tively. Hence Braude’s calculation of these limits and 
of the improvement obtained by increasing J? 1 are at 
fault, as also is his proposed method of eliminating 
background noise by using reactive impedances in the 
early stages. With values of 2^ greater than 1 megohm 
thermal noise is negligible; his proposed values of R v 
between 10 7 O and 10° Q, are therefore unnecessarily 
high. 

(9) CONCLUSIONS 

The first series of experiments establishes the general 
formula (1) relating to thermal fluctuations in complex 
networks with non-uniform temperature distribution. 
The thermal effects can be represented satisfactorily by 
concentrated e.m.f.’s associated solely with the resistive 
elements of the network: the values of the e.m.f.’s depend 
only on the values and temperatures of the resistances— 
the temperatures of reactive elements do not influence 
thermal fluctuations. 

The second series of experiments establishes the mutual 
independence of thermal and thermionic effects, and 
proves the suitability of the formula used to represent 
thermionic fluctuations. The slope resistance of the 
valve must there be taken as constant, and thermal 
fluctuations must not be ascribed to it. 

In wide-band photocell amplifiers a " corrected ” 
system employing a high resistance of the order of 
1 megohm in the anode circuit of the photocell is vastly 
preferable to an “ uncorrected ” system with its asso¬ 
ciated low anode resistance. In typical circumstances 
thermionic noise in the first amplifying valve will be 
dominant. Accordingly, the first valve should be chosen 
to yield the lowest possible value of AlCflg 2 . The 
operating conditions should be such that ATJg 2 is a 
minimum, provided g is not thereby reduced to such an 
extent that the gain of the first stage at the highest 
wanted frequency falls below 2. In “ corrected ” ampli¬ 
fiers the noise output is concentrated towards the 


high-frequency end of the spectrum, and flicker effect 
can be neglected. 

There exists a critical value of photo-current above 
which the thermionic amplifier yields a better signal/noise 
ratio than the electron multiplier. This critical current 
cannot be evaluated without further data relating to 
electron multipliers; it is probably so high as to lie. in a 
region where background noise is comparatively un¬ 
important. 
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SUMMARY 

The following paper describes the development of simple 
experimental direction-finders for wavelengths between 6 and 
10 metres, and their use in an investigation of the accuracy 
of direction-finding on these wavelengths. It is shown that 
the inherent accuracy of the instruments is well within the 
limits of ±2°, while their sensitivity is sufficient for observa¬ 
tion on an experimental 50-watt transmitter at ranges up to 
22 miles over flat ground. Bearings have also been taken on 
signals emanating from London television transmitters, blind¬ 
landing beacons, and also from commercial and amateur 
transmitting stations some 3 000 miles away. 

Detailed experiments have shown that the site on which the 
direction-finder is used must be clear of obstacles, particularly 
trees and vertical wires, for a radius of at least 50 to 100 yards; 
and there are indications that similar conditions are necessary 
for the site of the transmitter. When such conditions are 
satisfied, the bearings observed at distances up to 22 miles 
from the transmitter may be in error by as much as 8°, 
although in the majority of cases the error was less than 2°. 
Such errors tend to diminish in magnitude as the range 
increases, and they may or may not be affected by small 
changes in position of the direction-finder, by changes in 
frequency of the transmitter, or in the orientation of the 
transmitting aerial. For a given set of conditions the changes 
in bearings observed from day to day do not exceed about 2° 
for ranges of 20 miles, although in some long-distance observa¬ 
tions made on signals from American stations at a range of 
3 000 miles the variations in bearings were much larger. 

A brief study has been made of the behaviour of the loop 
direction-finder when horizontally polarized waves are emitted 
at the transmitting station. It is shown that the errors 
experienced in this case can be almost entirely eliminated by 
the use of a rotating spaced vertical aerial arrangement in 
place of the loop. The evidence resulting from the use of this 
Adcock type of direction-finder indicates that the errors with 
the loop set are due to the reception of horizontally polarized 
waves. 


(1) INTRODUCTION 

Radio direction-finding on ultra-short waves may really 
be said to have been initiated by Hertz, for in some of his 
classical experiments carried out some 50 years ago he 
used circular or rectangular loops of wire with small spark- 
gaps for detecting the directions of the fields in the waves 
radiated from his spark-coil-driven oscillators. The 
wavelength used in many of these experiments was 
approximately 10 metres or less. From that time very 
little work appears to have been carried out on the use of 
direction-finding receivers on wavelengths below 10 
metres, although from time to time various systems for 


transmitting directional and rotatable beams have been 
employed. In recent years these have led to the develop¬ 
ment on a commercial scale of the course-indicating 
beacons and landing-beam systems now in use for the 
guidance of aircraft. 

On wavelengths of about 1 metre S. Udaf has studied 
the transmitting and receiving properties of half-wave 
antennae and reflector systems. In addition he has 
described]; a direction-finder for a wavelength of 0-50 
metre, comprising a receiving antenna at the focal line 
of a cylindrical parabolic reflector. As this apparatus is 
rotated during the reception of signal the intensity passes 
through a minimum at about 35° on either side of its 
maximum value, and by observation of these minima 
the direction of the maximum can be located with fair 
accuracy. Various amateur, experimenters have also 
used the ordinary loop direction-finder on wavelengths 
of about 5 metres. 

The investigation of the performance of the single 
rotating-loop direction-finder was commenced at the 
National Physical Laboratory in 1930, and the results of 
some experiments made on a wavelength of 7-9 metres 
have been published previously.§ After being in abey¬ 
ance for some years the study of this subject has recently 
been resumed, and the present paper describes the results 
of investigations carried out on wavelengths between 6 
and 10 metres during the past two years. 

(2) DESCRIPTION OF THE DIRECTION-FINDERS 

EMPLOYED 

The work described in this paper was largely carried 
out in the field, and the direction-finders were accordingly 
designed to be of a readily transportable,battery-operated 
type, with aural indication by means of head-telephones. 
While instruments of both the rotating-loop and the 
rotating spaced aerial or Adcock aerial pattern have been 
employed, attention was first devoted to the loop type on 
account of its compactness and simplicity. 

(a) Rotating-Loop Direction-Finder 

The rotating-loop direction-finder depends for its 
operation upon the fact that the electromotive force 
induced in a vertical loop by vertically polarized electric 
waves is proportional to the cosine of the angle between 
the plane of the loop and the plane of propagation of the 
waves. Thus when these planes are perpendicular to 
one another the signal e.m.f. is of zero value, and the 
practical operation of the direction-finder consists in 

t See Reference (1). t Ibid., (2). § Ibid., (3). 


* This paper will be included in a symposium of Direction-Finding Papers to 
be read before the Wireless Section during the 1038-39 Session. 
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rotating the loop and determining the position at which 
the observed signal, detected aurally or visually, passes 
through a minimum or zero value. The satisfactory opera¬ 
tion of a direction-finder in this manner depends upon 
the attainment of exact electrical symmetry of the loop 
and associated circuits, and this problem requires great 
care and attention in the design and construction of 
apparatus for use at very short wavelengths. In the two 
classes of loop direction-finder described in this section, 
this electrical symmetry has been attained by the use of a 




(а) Straight receiver. 

(б) Frequency-changer of superheterodyne. 

The capacitance and resistance values are in micro-microfarads and ohms j 
respectively, unless otherwise stated. 

screened loop connected to a push-pull detector or 
amplifier circuit. 

The first instrument utilizes a simple straight receiver 
and has been developed for use in relatively strong fields 
of the order of 0 • 1 mV per metre. The circuit diagram 
is given in Fig. 1(a), from which it is seen that the tuned 
receiving loop is connected to a push-pull detector, with 
ganged retroaction condensers and a two-stage audio¬ 
frequency amplifier. Either modulated or continuous- 
wave signals can be received. The whole receiver with 
its batteries is enclosed in a metal box which, together 
with the screened loop, rotates as a unit on a suitable 
turntable. 

The more sensitive instrument, for use in weaker fields, 
employs a receiver of the supersonic heterodyne type. 
In this case the receiver is constructed in two units. The 
first or rotating unit comprises the frequency-changer in 
a screened box carrying the screened loop, while the 


second is a fixed unit containing the intermediate and 
audio-frequency amplifiers. The two units are coupled 
together by a screened flexible transmission line carrying 
the intermediate-frequency output from the frequency- 
changer. 

The circuit diagram of the latter is shown in Fig. 1(b). 
The push-pull detector stage is screened from the local 
signal frequency oscillator, the output from, which is 
applied in parallel, through a coupling coil, to each of the 
detectors. Retroaction is applied by means of small 
pre-set condensers, and is controlled by an adjustment of 
the anode voltage by means of a variable resistance. 
The intermediate-frequency output from the detectors is 
fed to the transmission line through a step-down trans¬ 
former, which is isolated from the detector anodes by 
chokes designed to prevent the passage of signal-fre¬ 
quency current. 

As already remarked, this transmission line connects 
the rotating unit of the receiver to the fixed unit con¬ 
taining the intermediate-frequency amplifier, second 
detector, and audio-frequency amplifier, giving output to 



Fig. 2.—Loop direction-finder (super-heterodyne model). 

the head-telephones. This unit is of a standard pattern 
and needs little description. An intermediate frequency of 
about 2 Mc./sec. is used, in order to permit of reasonably 
high amplification with a large band-width. The latter 
feature results in an improved performance in the recep¬ 
tion of frequency-modulated transmissions, facilitates 
tuning, and minimizes the need for repeated adjustment 
due to drift of the frequency of the local oscillator,. Pro¬ 
vision for the reception of continuous waves is made by 
the inclusion of a beat-frequency oscillator, which can be 
switched on as required. 

Both the straight and supersonic heterodyne receivers 
cover a wavelength range of 5 ■ 5 to 10 • 7 metres (frequency 
54 to 28 Mc./sec.) by means of two plug-in screened loops. 
These are square in shape and have sides of ll|-,in. and 
7-g- in. respectively: they are made of in. diameter 
copper rod surrounded by a 1 in. diameter copper screen. 
This screen is split at the centre of the top side, and 
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an adjustable collar sliding on the screen provides a 
convenient means of accurately balancing the input 
system. 

The disposition of the more sensitive direction-finder is 
shown diagrammatically in Fig. 2. The rotating-loop unit 
is mounted on a tripod well above the observer, who sits 
on a stool as nearly as is practicable beneath the centre of 
the system. With this arrangement the actual position of 
the observer about the central axis of the direction-finder 
is not of great importance. The simpler direction-finder 
is carried in a similar way on a turntable mounted on a 
tripod, the telephone leads passing through the bearing 
shaft in place of the transmission line shown in Fig. 2. 
With each instrument a suitable hand-wheel is provided 
for rotating the turntable, and a graduated scale is set at 
a convenient level for the observer to read off bearings 
from the position of the pointer attached to the rotating 
portion. In setting up the instruments in the field a 
magnetic compass is employed to ascertain the direction 
of the meridian, and suitable sights are provided on the 
screened loops to facilitate this operation. 

The sensitivity of the direction-finder with the straight 
receiver is such that bearing observations can be made 
with a swing through the minimum signal position of 5° 
when operated in a uniform vertically-polarized field, the 
intensity of which is of the order of 100 microvolts per 
metre. The more sensitive instrument enables the same 
observational accuracy to be attained in field intensities 
of about one-tenth this value. These figures apply to 
the reception of fully modulated signals. The effective 
sensitivity in continuous-wave reception is somewhat less 
than the above, owing to fluctuations of the audio¬ 
frequency note due to variations in the local oscillator 
frequency as the set is rotated. It is more difficult to 
obtain an accurate reading on this fluctuating note than 
on a steady modulation note. 

(b) Experimental Rotating Spaced Aerial Direction- 

Finder 

It is now well known that one of the limitations of the 
closed-loop direction-finder is that it is subject to errors 
in observed bearing when employed in the presence of 
downcoming horizontally polarized waves. One of the 
most effective means of overcoming this difficulty is to 
replace the loop by a pair of spaced vertical aerials in 
accordance with the arrangement first described by 
F. Adcock. In Section (5) of this paper some experiments 
are described in which a source of horizontally polarized 
waves was employed, and for the purpose of investigating 
the phenomena observed a simple rotating Adcock direc¬ 
tion-finder was developed. It is convenient to outline 
the main features of this instrument at the present 
stage. 

The construction of this direction-finder involved 
the replacement of the loop attached to the supersonic 
heterodyne receiver by a suitable spaced-aerial system 
with the necessary transmission lines and transformer. 
The general layout of the instrument is shown in Fig. 3, 
from which it will be seen that the aerial pair is of the 

H type supported centrally at the vertical axis of 
rotation. The aerials are made of copper rod, \ in. 
diameter and of a total length of 4 ft., and are rigidly 


attached to wooden supports. Each aerial is supported 
at its centre by an aluminium tube, § in. diameter, form¬ 
ing the screen for the transmission line which consists of 
two copper rods £ in. diameter and 3 ft. long. The 
inner end of each aluminium tube is rigidly attached to 
the top of the metal frequency-changer box, and the 
transmission lines are connected inside the box to the 
primary winding of an air-core screened transformer. The 
secondary of this transformer is outside the primary and 
coaxial with it, a screen of copper foil strips being placed 
between the windings. ■ This secondary winding is tuned 
and connected to the push-pull detector in the same 
manner as was the closed loop in the sets previously 
described. 

The satisfactory operation of this spaced-aerial direc¬ 
tion-finder depends upon the attainment of symmetry of 



Fig. 3.—Spaced-aerial (Adcock) direction-finder. 


the two aerials and also of the two halves of each aerial. 
For this reason care must be taken to set up the direction¬ 
finder on a level surface, and also to place the observer 
close in to the central axis and on the line at right angles 
to the plane containing the two aerials. The latter pre¬ 
caution necessitates the observer changing his position for 
each working azimuth; and although in a fixed installa¬ 
tion this could probably be avoided by elevating the aerial 
system, this would appear to be impracticable in a set 
designed for field use. 

The sensitivity of this Adcock direction-finder was 
found to vary over the working range of wavelengths, 
owing apparently to an approach to a resonance condi¬ 
tion in the transmission-line system. When used for 
bearing observations on vertically-polarized waves pro¬ 
pagated horizontally, the mean sensitivity was of the 
same order as that of the simple loop set described above, 
i.e. bearings with a swing of 5° could be taken in a field 
intensity of about 100 pV per metre. 
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(3) ACCURACY OF DIRECTION-FINDERS 

(a) Instrumental Accuracy 

In order to obtain some idea of the instrumental 
accuracy of these direction-finding sets and the conditions 
to be fulfilled for a site on which they can be operated, 
simple calibration tests were first made on a flat open 
field some 250 yards square. A portable transmitter 
was set up in the centre of this field, and the direction¬ 
finder was taken to various positions in circles of radii 
30 to 60 yards, the radio bearing being directly com¬ 
pared with the visual bearing. Out of 64 observations 
made in this manner, 59 were less than 2° in error, two of 
the remaining five being 3° in error. These errors refer 
to the mean observation of a pair taken by rotation of 
the coil, the difference between direct and reciprocal 
bearings being usually less than 2°. This latter figure has 
been reduced to less than 1° in later models of these sets'. 
It is thus considered to be fair to state that the instru¬ 
mental accuracy of these direction-finding sets for 
observed bearings lies within dr 2°. 

Experiments carried out on the same and other sites 
indicate that the above accuracy is maintained at 
distances up to 600 yards from the transmitter. The 
results obtained at greater distances are dealt with in a 
later Section. 

(b) Effect of Wires and Pipes on Direction-Finding 

Bearings 

In the course of the calibration tests described above it 
was found that a long water pipe buried at a depth of 
1 ft. 6 in. produced no effect on the bearings observed on 
a direction-finder placed over it, the height of the centre of 
the loop being about 6 ft. above the ground. Under 
similar conditions lengths of copper wire up to 50 yards 
long laid on the ground produced no effect; only when the 
wires were raised to the level of the base of the loop, and 
placed a few inches from it, were errors in bearing detect¬ 
able. In later experiments it has been found that placing 
the direction-finding set immediately beneath a number 
of overhead telephone wires along a road produced a 
change in bearing of 3° on a distant station. 

When short lengths of ware insulated from earth were 
placed vertically near the direction-finder, it was found 
that the effect was greatest when the wire was half a 
wavelength long. In this condition, the presence of the 
wire at a distance of 4 yards produced errors in bearing 
ranging up to 11°, the error being greatest when the 
direction of the wire was at right angles to the line joining 
transmitter and receiver, and practically negligible when 
situated on this line. The effect of such a vertical half¬ 
wave aerial became negligible when the aerial was 
removed to a distance of 30 yards from the direction¬ 
finder. 

(c) Effect of large Aerials 

In one phase of the experimental work the opportunity 
occurred to examine the effect of an aerial system the 
dimensions of which were large compared with the wave¬ 
length on which the direction-finder was operated. The 
system comprised four vertical-cage aerials used as an 
Adcock direction-finder for medium and long waves. 
Four aerials were arranged at the corners of a square of 
320 ft. side. Each aerial was 70 ft. high and was formed 


of an octagonal cage of wires with a side of about 4 ft. 
When the ultra-short-wave loop direction-finder was used 
at a distance of about 70 yards from the centre of this 
system, errors in bearing were experienced ranging up to 
11° on a transmitter a few miles away. When all the 
aerials were removed this error was reduced to 3°, which 
was considered to be the error due to other obstacles— 
chiefly trees—surrounding the direction-finding site. A 
single cage aerial at a distance of about 100 yards from 
the direction-finder produced a maximum error of 5° on a 
transmitter about 20 miles away, while when the cage 
was replaced by a single vertical wire of the same height 
(70 ft.) the error was less than 1°. 

These values of the errors are intended to indicate the 
order of the effects observed rather than to be taken as 
absolute values, for it was found that the actual values 
depended upon the frequency employed and the direction 
of the transmitting station. In the case of observations 
taken, on the Teddington station, about 11 miles away, 
the bearing was found to vary with the frequency in a 
quasi-periodic manner, indicating the presence of an 
interference pattern in the received field arising from the 
superposition of re-radiation from the aerial system on the 
incoming field from the distant source. In a similar 
manner it was found that if the portable transmitter was 
moved in a straight line away from the direction-finder to 
distances up to 100 ft. the bearings varied in a periodic 
manner over an amplitude of 4° or 5°, owing to the same 
cause. Although an attempt was made to study this 
interference pattern systematically it was found not to be 
susceptible to a simple analysis, probably owing to the 
complicated conditions prevailing at the site and to the 
fact that the aerials were not the only obstacles affecting 
the observations. 

(d) Effect of a single Tree on Direction-Finding 

Bearings 

Similar experiments to the above were carried out with 
the direction-finding set located near a single tree about' 
25 ft. high and with a spread of its branches of the order 
of 12 ft. A portable transmitter was. used for these tests 
at a distance of 30 yards on a wavelength of 9-5 metres. 
With the direction-finder placed at a distance of 4 yards 
from the tree, an error in bearing up to 10° was experi¬ 
enced, the maximum effect being as in the case of the 
vertical wire, when the direction of the tree from the 
direction-finder was at right angles to that of the trans¬ 
mitter. When the set was moved to a distance of 
20 yards from the tree, the maximum error was reduced 
to 1 • 5°. It is evident that a separation of 30 yards from 
such a tree would be sufficient to produce a negligible 
effect. On the other hand, later experience has shown 
that a large mass of trees may produce an appreciable 
error in observing the bearing of a distant transmitter 
with the direction-finder placed some 20 to 100 yards 
away. 

(e) Effect of Buildings 

An experiment was next carried out in which a portable 
transmitter was set up on an open site and operated on a 
wavelength of 8 • 0 metres, while the direction-finder was 
moved in a straight line along a road with various 
laboratory buildings on either side. Up to a distance of 
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280 yards there was a clear air line between transmitter 
and direction-finding set, but errors varying from — 9° 
to + 29° were experienced, accompanied by the effects 
of flat signal minima. In other experiments in similar 
“ built-up ” areas, where the direction-finding set was not 
in direct visual range of the transmitter, errors of ± 24° 
were experienced at ranges of 360 yards. It was usually 
found that, in these situations, the error of the observed 
bearings altered appreciably when the direction-finder 
was moved a few yards. All these effects are to be 
expected as the result of the interference of two or more 
waves arriving at the receiver after reflection from the 
surrounding obstacles. 

(f) Conclusions as to Effect of Site Conditions and 
the Calibration of a Direction-Finder 

The experiments described above provide considerable 
information as to the conditions to be satisfied for a site 
for an ultra-short-wave direction-finder in order that the 
observed bearings shall be free from the disturbing effects 
of obstacles in its locality. It appears that a flat, clear 
piece of ground some 100 yards in radius forms a satis¬ 
factory site, since the direction-finder is then practically 
unaffected by the presence of wires, trees, and similar 
obstacles. It has been shown, however, that a similar 
clear site is necessary for locating the transmitter if the 
" source error ” which results from the re-radiation of 
waves from trees and other obstacles near the transmitter 
is to be avoided. Thus, in order to ascertain the actual 
instrumental accuracy of the direction-finder, it is neces¬ 
sary that a short-range calibration should be made on a 
site which is clear over a radius sufficiently large to 
accommodate both transmitter and receiver. The results 
obtained at three such sites will serve to illustrate the 
accuracy obtainable with the apparatus referred to in 
this paper. 

(i) On a sports ground at Teddington, some 250 yards 
square, the errors observed in a complete calibration on a 
portable transmitter at a radius of about 60 yards were 
in general not more than 2°. 

(ii) On a flat site at Dorney Common, Bucks, observa¬ 
tions on a transmitter moved in a straight line away from 
the direction-finding set to distances up to 400 yards 
showed a maximum error of 2°. A similar run on another 
site has been carried out to the same order of accuracy at 
distances up to 650 yards. 

(iii) In this case the direction-finding set was placed 
at the end of a concrete jetty, 1 120 yards long, in the 
middle of Queen Mary Reservoir, Staines, surrounded, 
except for the jetty, by an expanse of water of from 
570 yards to 1 580 yards. When the transmitter was 
actually on the edge of the reservoir, the errors were very 
small (1° or less), except in positions near a wire fence, in 
which cases some source error was to be expected. 
Observations made over a distance of 360 yards at the 
projecting end of the jetty showed that the variations in 
the error were within ± l£°, so that the concrete itself 
had only a small effect on the bearings. 

The results of the experiments described in this Section 
thus confirm the previous conclusion that the instru¬ 
mental accuracy of the direction-finders employed is of 
the order 1° or 2°, and that for short ranges up to 1 mile, 
when both the transmitter and direction-finding set are 


on good sites and there is clear, level ground in between, 
the accuracy of observed bearings is generally within 2°. 

(4) RESULTS OF DIRECTION-FINDING OBSERVA¬ 
TIONS AT GREATER RANGES (UP TO 25 
MILES) 

In order to ascertain the practicability of direction¬ 
finding on ultra-short wavelengths, a systematic series of 
tests was carried out in which the loop direction-finder 
was used at various ranges up to 22 miles from Tedding¬ 
ton and in different directions. 

(a) Local Observations on Teddington Transmitter 

The fact that conditions between transmitter and 
receiver can seriously affect the accuracy of the observed 
bearings was first illustrated by some experiments carried 
out in Bushy Park at ranges up to about § mile. The 
bearings observed on the main transmitter, situated at 
from 300 to 1 250 yards, were in error by amounts rang¬ 
ing up to 25°. It is considered that these errors were due 
to the effects of the large number of trees situated in the 
path of transmission, but to track down this cause in a 
satisfactory manner presents a somewhat difficult 
problem. 

(b) Distant Observations on Teddington 
Transmitter 

Table 1 gives the results of bearing observations made 
on the transmitter at the National Physical Laboratory, 
Teddington, operating on a wavelength of about 9 metres. 
Every endeavour was made to place the direction-finding 
set on a site which was considered to be good as judged by 
inspection, although no actual calibrations were made. 
In most cases the bearing was the mean of a number of 
consecutive observations, and in one or two cases repeat 
observations were made on a different day. In some 
instances these repeat observations were made with a 
different direction-finding set, and the results obtained 
were consistent. No difficulty was experienced in 
taking the bearings to an observational accuracy of 2° or 
less; for example, at the maximum distance of 22 miles 
the swing on which the observation was made was about 
8° in some cases, the signal being inaudible at the 
minimum position. In some cases, at the shorter ranges, 
and particularly when the bearing was in error, larger 
swings were necessary and the minima were not always 
silent. 

During the course of these tests it was noted that 
aeroplanes flying in the neighbourhood of the direction¬ 
finder produced considerable fluctuations of signal 
strength which sometimes rendered observations difficult. 

An inspection of the results given in Table 1 shows that 
at 28 of the 43 sites ,tested the observed bearing was 
within the accuracy of ± 2° assigned to the instrument in 
Sections (2) and (3) above. In 15 cases the error was 
greater than 2°, the maximum recorded being 8°. It is to 
be noticed that there is a definite tendency for the larger 
errors to be of lesser magnitude as the distance of the 
direction-finder from the transmitter is increased, as was 
the case in the earlier work of 1931. While the conditions 
surrounding the transmitter, such as large masses of trees, 
and also buildings, may be a contributory influence in 
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Table 1 

Results of Observations on Teddington with Loop 
Direction-Finder 


(A — 9 metres approx.) 


Site 

From transmitter 

Error in 
observed 
bearing 

Ref. 

No. 

Place 

Distance 

True bearing 



miles 

deg. 

deg. 

43 

Hanlpton Court 

1-0 

14 

— 1 

44 

Sunbury Court 

2-5 

77 

+ 1 

45 

Bushy Park 

0-75 

114 

-4 

46 

Bushy Park 

0-5 

120 

+ 8 

47 

Bushy Park 

0-75 

285 

+ 8 

39 

Claygate . . 

4-75 

3 

-6 

40 

Hersham .. 

4-5 

36 

+ 3 

41 

Lower Halliford .. 

4-75 

77 

+ 4 

— 

Queen Mary Reser- 





voir 

5-25 

84 

-1-5 

31 

Bedfont 

4-25 

112 

0 

21 

Hatton 

4-5 

132 

0 

32 

Heston 

5-25 

157 

+ 2 

33 

Osterley 

5-75 

173 

-2 

35 

__ Richmond Park .. 

3-75 

225 

-6 

36 

Wimbledon Common 

4-5 

250 

-f~ 1 

38 

Ewell Court 

4-75 

324 

-3 

42 

Ruxley Farm 

4-75 

329 

0 

17 

Effingham .. 

9-7 

20 

-2 

16 

Ockham 

9-7 

32 

-6 

15 

Pyrford 

10-2 

46 

-1 

14 

Addlestone 

8-0 

67 

0 

13 

Virginia Water 

9-0 

87 

+ 1 

12 

Englefield Green . . 

10-2 

95 

-4 

11 

Runnymede 

10-0 

101 

-4 

19 

Sunnymeads 

10-2 

112 

0 

10 

Dorney Common .. 

14-2 

113 

-4 

20 

Datchet golf course 

11-7 

114 

-4 

26 

Langley 

10-5 

124 

0 

24 

Hillingdon .. 

. 9-7 

151 

-1 

23 

Northolt 

9-7 

169 

-3 

22 

Wembley .. 

10-0 

186 

0 

30 

Guildford By-pass.. 

21-0 

40 

0 

28 

Hog’s Back 

20-0 

47 

+1 

27 

Frimley 

17-5 

66 

-1 

7 

Blackwater Flats .. 

22-0 

73 

0 

8 

Caesar’s Camp 

18-0 

83 

—1 

9 

Winkfield .. 

15-2 

96 

-pi • 

1 

Whitebrook Com- 





mon .. ' .. 

18-0 

120 

— 3 

2 

Wooburn Common 

18-2 

127 

0 

3 

Tyler’s Green 

21-5 

135 

+ 2 

4 

Coleshill 

20-2 

144 

+ 2 

5 

Bovingdon 

21-7 

159 

-j-1 

6 

Bedmond .. 

• 

21-2 

171 

-1 


producing these errors, it is considered that at distances 
of more than 5 miles such direct influence is likely to be 
small. It would therefore appear that some portion of 
the errors, particularly at the greater distances, is due to 
deviations of the waves in travelling between transmitter 
and receiver. The arrival of two or more sets of waves at 
the receiver, and their consequent interference, is prob¬ 
ably partly, if not wholly, the basis of production of this 
path error. In some cases where an appreciable error was 
experienced, it was found that moving the direction¬ 
finding set a few yards produced a change in the error; 
but the absence of such an interference pattern is not an 
infallible criterion for the absence of error. For example, 
Domey Common (Site No. 10) is a wide expanse of open, 
flat common, and small changes in position (about 10 
yards) of the direction-finder produced no effect on the 
observed bearing. 

(c) Observations on Heston 

During the course of the field observation work from 
which Table 1 was constructed, bearings were taken on 
the homing beacon at Heston Airport on a wavelength of 
9 metres at such times as this station was found to be in 
operation. In this case the transmitter operates on a 
directional aerial system (Lorenz type) used for the guid¬ 
ing of aircraft towards the Heston airport at times of bad 
visibility. It employs two broad beams, on one of which 
a series of dashes is emitted while on the other is a corre¬ 
sponding series of dots. In the position midway between 
the beams, which in this instance is in the direction 84°, 
the two signals merge into a continuous dash. The 
results of the direction-finding observations obtained on 
this transmitter are shown in Table 2. 

In making these observations it was generally found 
that both the signal strength and the signal minima were 
of good quality, although in some cases it was observed 
that the dot-and-dash signals did not pass through a 
minimum value at the same position of the direction¬ 
finding coil. As a result a bearing differing by not more 
than 2° was obtainable on the two series of signals. This 
effect is attributed to the fact that the two beams are 
reflected or scattered by different reflecting objects 
in their paths, so that the resulting waves arriving 
at the direction-finder produce different interference 
effects for the two sets of signals. This observation, in 
fact, tends to confirm the deduction that some of the 
errors in bearing experienced are the result of a path 
error, introduced at a position intermediate between 
transmitter and receiver. 

(d) Observations on Alexandra Palace and other 
Transmitters over Extended Periods 

With the regular transmissions available from the 
London television station at Alexandra Palace, the 
opportunity was taken to make regular observations at 
the working programme periods for several weeks. This 
programme was started in the winter of 1936 and con¬ 
tinued in the summer of 1937. For this purpose two 
1-hour periods were available, one each afternoon and 
evening in the winter, and an additional morning period 
in the summer. A continuous series of observations of 
bearings was made at the rate of about one bearing a 
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minute, successive periods of 15 minutes being devoted 
to the sound and vision transmissions alternately. The 
direction-finder was set up in a hut at the site where the 
experiments with large aerials, described in Section 2(c) 
above, were carried out. It was known that this site was 
not perfect even with the aerials removed, and that a 
permanent error would probably be experienced. It 


error. It will be seen from the Table that out of several 
hundred observations the maximum departure from the 
mean bearing was 3|-°, while 97-5 % of all the observed 
bearings differed from the mean by less than 2°. 

It is to be concluded from these results that bearings 
taken on transmissions from the Alexandra Palace at a 
range of 20 miles show no diurnal variation exceeding 


Table 2 

Results of Direction-Finding Observations on Heston, with Loop Direction-Finder 


(A = 9 metres) 


Site 

From transmitter 

Error in observed 
bearing 

Error in bearing of 
Teddington 
(from Table 1) 

Ref. No. 

Place 

Distan'ce 

True bearing 



miles 

deg. 

deg. 

deg. 

41 

Lower Halliford 

6-25 

19 

— 1 

+ 4 

31 

Bedfont 

3-5 

21 

+ 1 

0 

24 

Flillingdon 

4*5 

152 

-6 

— 1 

22 

Wembley 

6*25 

215 

0 

0 

33 

Osterley .. .. .. .. ■ 

2*25 

244 

0 

-2 

36 

Wimbledon Common 

7-75 

294 

-2 

“f* 1 

— 

Queen Mary Reservoir 

5*75 

24 

+ 6 

— 1*5 

42 

Ruxley Farm 

10*0 

330 

0 

0 

39 

C.laygate 

9*75 

345 

+ 7 

-6 

3 

Tyler’s Green 

16*5 

129 

0 

+ 2 

6 

Bedmond 

21*2 

177 

-1 

-1 


Table 3 

Summary of Observations taken on Transmissions from Alexandra Palace 

(Sound and Vision Transmitters) 


Distance 20 miles, true bearing 67 • 5° 


Date 

Transmitter 

Wavelength 

Observed bearings 

Deviations from mean bearing 

Number 

Error of mean 

Extreme 

Within 2° 



metres 


deg. 

deg. 

% 

Nov.-Dee., 1936 

Sound 

7-25 

314 

+ 0*8 


96 


Vision 

6*7 

432 

-2*9 

H 

100 

July-Aug., 1937 

Sound 

7-25 

122 

— 1*5 

2 

97 


Vision 

6*7 

144 

+ 2*8 

1J 

100 


transpired that this error was different for the two trans¬ 
missions (sound and vision), due to the difference in wave¬ 
length. The observations carried out in the above 
manner showed that during any period of 15 minutes the 
bearings were in general constant to within 1°, but that 
occasionally a change of the bearing somewhat greater 
than this was observed from one period to a later one. A 
summary of all the results obtained is given in Table 3. 

In comparing the results for summer and winter it should 
be borne in mind that the large Adcock aerial system 
already described was removed in the meantime. These 
results were obtained by three observers, but no consistent 
difference was noticed indicating any systematic personal 


about 2°. No estimate of seasonal effects can be made, 
owing to the change in receiver site conditions described 
above. 

Similar observations were taken during the summer on 
transmissions from a television transmitter at Kensing¬ 
ton, working on wavelengths of 6*39 and 6 • 12 metres 
respectively (frequencies 47 and 49,Me./sec.). The 
results obtained from this source were of the same 
character as those described above. 

During the course of this work, various observations 
were made on transmissions from American stations 
working on wavelengths between 8*5 and 10-7 metres 
(frequencies 25*6 to 28 Me./sec.). In this case the 
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observed bearings sometimes varied as much as 15° in 
the course of a few minutes’ observations, although in 
most cases the variations were not greater than 10°. 
No opportunity has yet occurred to make a systematic 
investigation of this matter. 

(e) Effect of Frequency on Observed Bearings. 

During the course of the investigations it was noticed 
that in some cases the observed bearing was considerably 
in error although the site of the direction-finding set 
appeared 'to be satisfactory, while in other cases the 
observed bearing altered appreciably when the direction¬ 
finding set was moved only a few yards. The observa¬ 
tions indicate the possibility of two or more waves arriv¬ 
ing at the receiver and producing interference effects. In 
order to ascertain the validity of this deduction, some 


At the much superior direction-finding site at Queen 
Mary Reservoir, Test 9 shows that on a local calibration 
at a radius of about ^ mile across the water, the maximum 
error was 1° and did not vary with frequency within the 
errors of observation. On the transmissions from Ted- 
dington there was only a small variation with frequency, 
but it is seen that the error changed by some 3° or 4° when 
the main transmitting aerial at Teddington was lowered 
to the ground. This main aerial is of “ T " type, 450 ft. 
long and 100 ft. high, and normally the ultra-short-wave 
transmitting aerial is slung about 50 ft. beneath the 
centre of this. There are also two other small aerials 
which were lowered for the above experiments. The 
angle subtended by the large aerial at the direction-finder 
at the reservoir is much less than 1°, so that it is not easy 
to understand the manner in which the aerial is directly 


Table 4 

Effect of Varying Frequency of Transmitter on Error in Observed Bearings 


Site 

Transmitter 

Site of direction-finder 

From transmitter 

Error in observed bearing on wavelengths of:— 







S • S m. 




Distance 

True bearing 

10 • 5 m. 

!)• 7 m. 

9 • 4 m. 

9-1 m. 






deg. 

deg. 

deg. 

deg. 

deg. 

1 

Portable .. 

Dorney Common 

100 yards 

Various 

— 

+1 ■ 3 

+ 0-5 

— 

+ 0-5 

-1-5 

2 

Portable . . . . 

Dorney Common 

300 yards 

249° 

— 

— 1-5 

— 1 

. 

3 

Teddington 

Dorney Common (open 

14-5 miles 

113° 

-5 

— 6 

— 6 


— 4 



site) 








4 

Teddington 

Dorney Common (under 

14-5 miles 

113° 

-3 

— 3 

— 3 


— Z 


telephone wires) 


113° 



-10 


-10 

5 

Teddington 

Dorney Common (near 

14-5 miles 

— 3 

— 5 


6 

Portable 

trees) 

Queen Mary Reservoir 

0 • 5 mile 

Various 

-1 


-0-5 

0 

+ 0-5 

7 

Teddington (Main ■ 

Queen Mary Reservoir 

5-25 miles 

— 

0 

— 2 

— l-o 


— z 

8 

aerials up) 
Teddington (Main 

Queen Mary Reservoir 

5 • 25 miles 

— 

+ 2-5 

+ 2-5 

+ 2-5 

— 

+ 1-5 


aerials down) 










experiments were carried out in which the frequency of 
the transmitted waves was varied over a limited range 
while observations were made of the corresponding direc¬ 
tion-finder bearings. The results of such experiments 
are given in Table 4. 

The observations shown in this Table were taken at two 
sites which appeared to be good as the result of the cali¬ 
bration with a portable transmitter at a radius of 50 yards 
or more. The first of these, Dorney Common, was clear 
of trees and other obstructions for a radius of at least 
200 yards, and in one direction the site was clear to a 
distance of over 400 yards. In this direction Test 2 shows 
that the error in bearing on the local transmitter was 1-5° 
or less, and that it did not change appreciably with fre¬ 
quency. With the direction-finder in the same position 
the error on the.Teddington transmissions was between 
— 4° and — 6°. As a result of moving the direction¬ 
finding set very nearly under some telephone wires, the 
error decreased slightly (Test 4), while when the 
direction-finding set was moved to within 20 yards of a 
mass of trees the error ranged from — 3° to — 10°, 
according to the frequency. 


responsible for the above change of 3° or 4 . It is 
possible that the position of the main aerial affects the 
distribution of radiation, and so indirectly is responsible 
for a change in the direction of some portion of the 
radiation arriving at the receiver. The results obtained 
on observations on the Heston transmitter at different 
places also indicated that the observed bearings were 
in some way affected by the direction in which the 
maximum radiation is projected from the transmitter. 

These experiences indicated that conditions at the 
transmitting aerial could materially affect direction¬ 
finding bearings even at ranges of several miles, and some 
further experiments were conducted on this point as 
described in the next Section. 

(5) STUDY OF EFFECT OF WAVE POLARIZATION 
ON DIRECTION-FINDER 

(a) Effect of Horizontally Polarized Waves on a 
Loop Direction-Finder 

In all the experiments described above, the trans¬ 
mitting aerial was vertical and thus the results obtained 
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refer in all cases to the emission of vertically polarized 
waves. With a view to studying the effect of horizontal 
polarization, the aerial at the Teddington transmitter 
was supported in a horizontal position at a height of 
about 50 ft. above the ground. This aerial was con¬ 
nected to the transmitter by a tuned parallel-wire feeder 
as used in the previous experiments. The loop direction¬ 
finder was set up at the Queen Mary Reservoir site, where 
it was known that the error in bearing on Teddington, 
when using a vertical aerial, was 2-5° or less (Table 4). 
With the horizontal aerial the errors in bearings were in 
general greater than this; also they were subject to 
marked variation with orientation of the aerial and with 
alteration of the wavelength employed. The detailed 
results of these observations are given in Table 5, from 

Table 5 

Effect of Orientation of Horizontal Portion of 
Transmitting Aerial on Observed Bearings 
with Loop Direction-Finder 


Transmitter at Teddington; direction-finder at Queen 
Mary Reservoir; distance 5-25 miles; true bearing 84°. 


Direction of top 
of transmitting 
aerial 

Error in bearing for nominal wavelengths of 

9*8 in. 

9-2 m. 

8 • 8 m. 

deg. 

deg. 

deg. 

deg. 

17 

+ 17 

+ 11-5 

+ 13 

63 

+ 5 

+ 3 ■ 

+ 6 

82 

+ 3-5 

- 1-5 

+ 1 

119 

0 

+ 11 

- 5 

143 

+ 17 

+ 20 

- 6 

197 

+ 10 

+ 15-5 

-28-5 

243 

+ 7 

+ 7 ■ 

+ 16 

262 

+ 3 

-f- 2 

+ 11 

299 

-29 

-11-5 

- 7 

323 

-16 

-13 

+ 14 


which it will be seen that the errors observed range up to 
nearly 30°. 

In general the errors are reduced to a minimum 
value when the aerial is in. the. line from transmitter 
to receiver, although this is sometimes masked by the 
large change in bearing with alteration in azimuth 
and wavelength. When the horizontal aerial was used, 
the signals were of adequate strength for direction-finding 
purposes, although the quality of the signal minima 
varied with the actual orientation of the transmitting 
aerial. In certain positions of the latter the bearing 
changed rapidly with orientation, thus sometimes making 
an observation difficult when the transmitting aerial was 
swinging slightly in the wind. 

Tests made with the aerial disconnected showed that 
the vertical feeder was radiating to some extent, so that 
throughout the experiments a certain amount of vertically 
polarized radiation was superimposed on the horizontally 
polarized 'waves. For this reason the actual errors 
observed were to some extent dependent upon the adjust¬ 
ments of the feeder, and somewhat larger errors, up to 
50°, were experienced at the same receiving site when 


emission of vertically polarized radiation was minimized 
by correctly matching, instead of using the feeder in the 
tuned condition. 

Similar large errors in bearing on the Teddington trans¬ 
mitter were obtained at the Radio Research Station, 
Slough. In order to see whether the bearing changed 
with time for constant conditions at the transmitting 
end, observations were carried out during day and 
evening periods on five separate days spread over two 
weeks. The transmitting aerial was maintained in a 
fixed position, with the horizontal portion at approxi¬ 
mately 90° to the direction of the receiver. Under these 
conditions the bearings were very flat; the mean error 
in the observed bearing was 78° and this was subject to 
a variation from one period to the next of as much as 21° 
on the same day. Although the transmitter was operat¬ 
ing on the nominal wavelength of 9 ■ 3 metres throughout, 
the change in bearing may have been partially due to 
change in frequency of the transmitter, as special tests 
showed that changing the frequency by about 80 kc./sec. 
altered the observed bearing by some 10°. Furthermore, 
although the horizontal aerial was held during the tests 
as rigidly as circumstances permitted, some rotation of 
the aerial may have occurred and this would cause a 
change in error. It seems, however, that these variable 
conditions at the transmitting end cannot entirely account 
for the variations observed. 

(b) Experiments with a Spaced-Aerial Direction- 

Finder 

The effects described in the previous Section may 
have been due solely to the action of horizontally 
polarized waves on the loop direction-finder employed. 
It must be noted, however, that similar results would be 
obtained if the waves arriving at the receiver had a 
vertically polarized component, and if the direction of 
arrival showed a considerable lateral deviation from the 
line joining transmitter and receiver. It was in order to 
decide between these possibilities that the Adcock spaced- 
aerial direction-finder described in Section 2(b) was 
developed, since this instrument is insensitive to the 
action of horizontally polarized waves. When this 
instrument was completed, therefore, further experi¬ 
ments were carried out at the Queen Mary Reservoir site, 
in which a direct comparison was made of the bearings 
observed on both the loop and spaced-aerial direction¬ 
finder, while the horizontal aerial at the Teddington 
transmitter was rotated to various positions. The result 
of one of these tests made on a wavelength of 8 ■ 8 metres 
(frequency 34'Mc./sec.) is shown in Fig. 4. It is seen that 
while an error of nearly 60° was obtained with the loop 
when the transmitting aerial was broadside on to the 
receiver, the maximum error experienced on the Adcock 
set was only 6°. On a wavelength of 9’8 metres (fre¬ 
quency 30-5 Mc./sec.) the bearings with the Adcock set 
showed a total variation of about 4°, while the loop set 
gave errors up to about 30°. 

It would appear from these experiments that although 
there is a vertically polarized component in the waves 
arriving at the receiver, this portion of the waves is not 
subject to any great lateral deviation. Such a vertically 
polarized component may have been present in the radia¬ 
tion leaving the transmitter, or it may have been pro- 
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duced indirectly by re-radiation from a secondary source. 
Although neither the above nor any other experiments 
so far conducted give proof that the horizontally polarized 
waves were confined to the vertical plane through trans¬ 
mitter and receiver, it seems reasonable to presume that 
these waves were subject to no greater lateral deviation 
than the vertically polarized waves. The large errors 
described in the previous Section must therefore ap¬ 
parently be explained in terms of horizontally polarized 



dipole at Teddington. Working wavelength 8-8 metres 
(34 Mc./sec.) approx. 

X-X Loop bearings. 

q-q Adcock bearings. 

waves, the direction of travel of which is confined to the 
great-circle plane through transmitter and receiver. 

(c) Further Investigation of the Action of the Loop 
Direction-Finder with Horizontally Polarized 
Waves 

In seeldng an explanation of the abnormally large 
errors experienced with the loop direction-finder, con¬ 
sideration was first given to the possibility of the loop 
receiver being susceptible to the action of horizontally 
polarized waves propagated horizontally. Such an effect 
might result, for example, from a serious lack of sym¬ 
metry of the loop about a horizontal axis, so that the 
electromotive forces induced in the top and bottom sides 
of the loop produced a residual signal component in the 
receiver. In order to balance out such a component it 
would be necessary to rotate the loop away from the 
normal minimum position until an equal and opposite 
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component was obtained from the e.m.f.’s in the vertical 
sides of the loop. The following tests appear to prove 
that the loop direction-finder employed was free from 
such a characteristic. 

In the first place, when loops of different sizes and 
shapes were used on the direction-finder the error re¬ 
mained sensibly unaltered. Thus it appears that the 
error is not dependent upon a critical condition of lack 
of horizontal symmetry of the loops. Secondly, experi¬ 
ments carried out with a portable transmitter placed on 
the reservoir site at a distance of £ mile showed no large 
errors in bearing when a horizontal transmitting aerial 
was rotated in a horizontal plane. Furthermore, the 
observed bearing did not change appreciably as the 
transmitter was raised from ground-level to heights up to 
about 10 ft. 

Thus we see that with a local transmitter presumably 
emitting horizontally polarized waves there is no appre¬ 
ciable error in observed bearing, while with a similar 
transmitter at a distance of over 5 miles large errors 
occur. The absence of error in the local case may have 
been due either to the small value of the horizontally 
polarized field arriving at the receiver owing to ground 
attenuation, or to the fact that the loop is not susceptible 
to horizontally polarized waves propagated horizontally. 
If the first explanation is true, it is to be expected that the 
horizontally polarized field from the Teddington trans¬ 
mitter would also be small. The presence of such large 
errors in this case seems, therefore, to indicate the 
presence of horizontally polarized waves arriving at an 
appreciable angle to the horizontal after being deflected 
in some part of the atmosphere between the transmitter 
and receiver. 

Such downcoming radiation is of low intensity, since its 
presence only produces a serious effect when steps are 
taken to exclude the emission of vertically polarized 
radiation at the transmitter. At the shorter distance of 
£ mile at which the local test with the portable trans¬ 
mitter was made, the downcoming radiation was neg¬ 
ligible compared with the residual vertically-polarized 
waves propagated along the ground. Furthermore, the 
results given in Table 4 showed that no large variations in 
bearing were observed on transmissions from stations, 
such as Alexandra Palace, employing vertical aerials. It 
thus appears that if any of such radiation is deflected 
from atmospheric regions in which a rotation of the plane 
of polarization might be produced, such horizontal down¬ 
coming radiation is weak compared with the vertically 
polarized direct radiation from transmitter to receiver. 

Adequate opportunity has not yet occurred to study 
this problem in more detail, but a simple attempt has 
been made to measure the angle of incidence by compar- 
ing the signal intensity received on a loop and on an aerial 
in the manner employed some years ago on medium 
waves.* Experiments of this nature have been carried 
out at Queen Mary Reservoir, using vertically polarized 
radiation from Teddington. While the results obtained 
tended to indicate the presence of a downcoming 
component, certain difficulties were encountered which 
do not permit of a numerical interpretation of the results, 
e.g. fluctuations of signal strength due to the presence of 
aeroplanes in the neighbourhood. 

* See Reference (4). 
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(6) CONCLUSIONS AND FURTHER WORK 

The experimental investigations described in this paper 
show that it is a practical proposition to use simple radio 
direction-finders with a rotating aerial system for wave¬ 
lengths between 6 and 10 metres. While care is needed 
in the design and construction of the instruments to 
secure electrical symmetry and stability of operation, no 
difficulties are encountered other than those normally 
associated with ultra-short-wave technique. The rotat- 
ing-loop pattern forms a compact, easily-transportable 
instrume'nt suitable for much field investigation work. 
An inherent instrumental accuracy of such a direction¬ 
finder of from 1° to 2° can be obtained, but some difficulty 
is experienced in finding a suitable site on the ground on 
which such an accuracy can be utilized. Obstacles such 
as buildings, trees, and aerials, within a distance of about 
100 yards of the direction-finder produce appreciable 
errors. 

When a loop direction-finder is used on the ground to 
observe the bearing of ground transmitting stations using 
vertical aerial systems at distances up to 22 miles, the 
errors may be as great as 8°, although in the majority of 
cases the errors are less than 2°. The changes in bearing 
from day to day do not exceed about 2°. The direction¬ 
finders developed have been shown to be capable, tinder 
certain conditions, of giving bearings on commercial 
transmitting stations some 3 000 miles away. In this 
case' the observed bearings are subjected to much larger 
variations than those given above. 

When a horizontal aerial is employed at the transmut¬ 
ing station, serious errors are experienced with the loop 
direction-finder except at very short distances from 
the transmitter. These errors are attributed to the 
reception of horizontally-polarized waves, and they may 
be avoided by using a spaced-aerial or Adcock direction¬ 
finder, an experimental model of which is described 
in the paper. 

The future work on this subject will be devoted to the 


development of an improved and more sensitive form of 
this Adcock direction-finder and to an investigation of its 
performance under a wide variety of conditions. 
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SUMMARY 

The paper gives an account of some systematic measure¬ 
ments of the lateral deviations of wireless waves received at 
Slough from various short-wave transmitters over a period of 
several months. The measurements were made by means of 
a spaced-aerial direction-finder of the four fixed-loop type, and 
the first part of the paper is devoted to a description of the 
apparatus, together with an account of its performance in 
respect of instrumental accuracy, pick-up factor, and other 
characteristics. 

The second part of the paper describes the measurements 
themselves, which were made photographically from a cathode- 
ray oscillographic goniometer; Some of the observations were 
made on pulse transmissions from Nauen (A = 30 m.) and 
Dorchester (A = 37-3 m.), and the remainder on continuous- 
wave transmissions from Zeesen (A = 31-4m.), Prague 
(A — 44-6 m.), and various American stations. 

The results obtained show that the variations in bearings 
which arise from instrumental causes do not exceed about 2°, 
and are usually of the order of 1°. The records demonstrate 
that lateral deviation occurs for the above cases to an extent 
which depends on the range and type of the reflected waves 
observed. Deviations of 10° to 20° were recorded from the 
more distant stations, while in the case of Dorchester, distant 
160 kilometres, the deviations were as much as 50° on occa¬ 
sions. From a study of these observations it is concluded that 
the effective points of reflection at the ionosphere may be as 
much as 50-100 km. out of the great-circle path. 


(1) INTRODUCTION 


from two points of view to devote time to this develop¬ 
ment work.f 

As this work has progressed, however, it has been 
becoming increasingly apparent that the degree of im¬ 
provement achieved thereby in direction-finding design 
is not accompanied by a corresponding degree of im¬ 
munity from error in practice.]; This conclusion is sup¬ 
ported by others who have developed the Adcock system. 
Eckersley,§ experimenting with short waves, demon¬ 
strated the existence of extensive scattering in the skip 
distance, coupled with the very large deviation of waves 
arriving from transmitters at distances comparable with 
the earth’s semi-circumference or for which the great- 
circle path passes near the North Pole. 

Further evidence of scattering has been obtained by 
Ratcliffe and Pawsey,|| employing a method based on the 
simultaneous measurement of fading at two adjacent 
sites and being thus independent of direction-finding 
apparatus. 

It has, therefore, now become well established that a 
finite amount of lateral deviation exists which sets a 
definite and final limit to the accuracy to which a direc¬ 
tion-finder can ever attain. 

This paper describes the first stages of an investigation 
to determine these limits, dealing first with the experi¬ 
mental method adopted, and secondly with an account of 
the results of the first series of tests made with the 
apparatus. 


The measurement of the azimuthal departure of radio 
waves from the great-circle path has been one of the 
main objectives of the direction-finding research at the 
Radio Research Station, Slough, for many years past, for 
it is clear that the extent and accuracy of such knowledge 
can alone determine to within what limits of accuracy it 
is, or will be, possible to carry out practical direction¬ 
finding. The early stages of this investigation gave 
information on the subject which has been of much value. 
Owing, however, to the existence of residual instrumental 
error in the apparatus then used it was not possible, 
from these early experiments, to obtain any positive 
measurements of lateral deviation, although it was 
possible to assign a limiting value to its magnitude in 
many cases. 

This work, which has been described in an earlier 
publication,] opened up the possibility of developing 
improved practical direction-finding apparatus, and, 
since without' such apparatus further work on lateral 
deviation could not be carried out, it became desirable 

P^P, er w] 11 be included in a Symposium of Direction-Finding- Papers 
to be read before the Wireless Section during the 1938-39 Session P 

T bee Bibliography, (1). 


(2) THE SPACED-LOOP DIRECTION-FINDER 
(a) General Arrangements 

In order to carry out this research an apparatus of the 
direction-finding type was required which would possess 
an instrumental accuracy—particularly as regards polari¬ 
zation and other variable errors-—considerably higher 
than that of any which had hitherto been made. It was 
also necessary that this apparatus should be capable of 
giving almost instantaneous bearings, preferably with 
automatic recording thereof, and finally that it should 
be capable of working on pulse transmissions. The 
last two considerations could only be satisfied by 
a cathode-ray photographic recording technique. As 
regards the first, it had been found from a series of 
experiments that the complete elimination of polarization 
error with any form of spaced vertical-aerial system was 

, dl£& ^ lt ' ° wing t0 the fundamental asymmetry 
introduced by the position of the earth’s surface relative 
to the feeders or transmission lines connecting the aerials 


f 98J ' 


I r, e ? J B *[ io §y i Pby, (2) and (3). 
§ Ibid., (5), (6), and (7). 


t Ibid., (4). 
Ibid., (11) and (12), 
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to the central receiver. The substitution of loop aerials 
for vertical aerials, however, provides a simple solution 
to this problem of balancing, as can be appreciated by a 
consideration of Fig. 1, which contrasts the essential 
symmetry of a loop with respect to its feeder with the 
essential asymmetry of various forms of vertical aerials 
in this respect. The possibility of entirely screening by 
pipe enclosure a loop aerial from the effect of static 
coupling (or of accumulated charges), on the other hand, 
tends to render accurate balancing unnecessary, so that 
the combination of these two factors makes it easily 
possible to produce a spaced-loop arrangement with 
negligible polarization error. 

There are certain disadvantages introduced by such a 
substitution which render unsuitable the application of 
the spaced-loop system to practical direction-finding. It 
is not relevant to the subject in hand to discuss these 
here, but their nature is such that they are not at all 
serious when the apparatus is used for research only. 



Fig. 1.—Asymmetrical and symmetrical coupling. 

(a) Feeder coupled to aerial (asymmetry). 

(b) Feeder coupled to loop (symmetry). 


A spaced-loop direction-finder may be of the four-aerial 
fixed type or two-aerial rotating type. ,The latter type 
has been employed by Eckersley* for work of a similar 
nature, the results of which are referred to later in the 
paper, and it has also been developed at the Radio 
Research Station.f For the experiments here described, 
however, the four-loop system was employed and it is 
this which will now be described. 

Four loops are arranged at the corners of a square of 
12 metres diagonal, as shown in Fig. 2(b), and the diagonally 
opposite loops are coupled together through transformers 
and transmission lines so as to be in opposition. The 
system thus corresponds to an Adcock direction-finder in 
which loops take the place of vertical aerials. Each loop 
can be rotated about its own vertical axis, and all four 
are set to point in the same direction. Since the system 
is only used for downcoming waves of complex and 
variable polarization it will be clear that, as far as the 
“ wanted " pick-up of the system is concerned, it does not 
matter which direction is chosen, provided each loop is 
accurately aligned thereon, for-then the same field com¬ 
ponent will act on each loop and the output from each 
pair will depend solely on the phase differences. To 
lessen the risk of “ unwanted ” pick-up resulting from 
currents induced in the feeders, however, one of the two 
arrangements in which the loops all make angles of 45° 
with the feeders has been chosen for all observations made 

* See Bibliography, (13). f Ibid., (14). 


up to the present, as this arrangement is not only the most 
symmetrical but also the most suitable for the process of 
lining-up described below. 

It is clear that a spaced-loop system, even when the 
loops are so oriented as to be acted upon wholly or partly 
by horizontally polarized waves, will be immune from 
polarization error, provided that the loops are accurately 



Fig. 2 .—General arrangement. 

{a) Elevation. 

(1) Screened loop. 

(2) Feeder. 

(3) Central screening cage. 

(41 Lining-up transmitter and vertical aerial. 

(fl) Feeder screen. « 

For simplicity the loops are here shown in line with feeders; actually they are 
at 45° as shown in (6).] 

(f>) Plan. 

(1) Screened loop (1 m. square). 

(21 Screened feeder. 

(3) Screening box containing tuning condenser and matched transformers. 

(4) Cage containing screened cathode-ray receiver. 

(5) Central radiating aerial for lining-up. 

aligned in parallel planes and that the feeders connecting 
them do not pick up. 

(b) Constructional Details 

Each loop consists of four separate turns of insulated 
wire which, by series-parallel switching, can be made to 
form from one to four turns. These wires are enclosed 
in a rigid tubular screen formed of 1| in. diameter 
aluminium piping jointed together at the corners and 
having an insulated gap at the centre of the top member. 
The wire is so ‘arranged on spacers that it occupies 
approximately the central axis of the tube. The method 
of tuning the loops and of coupling to the feeders is shown 
in Fig. 3. The tuning condenser and transformer are 
housed in a screening box fixed at the centre of the 
frame, the leads from the loop being brought into this box 
through a metal pipe fixed at the centre of the bottom 
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screening pipe surrounding it. P n ° reduced by the 

The transformers are wound nn * j 

o . ., U11Q ou ribbed formers and are 

piounted inside a copper not 

r P°c. lire primary is m parallel 



(1) Loop. 

(21 Feeder. 

(8) Input to amplifier. 


Fig. 3. Circuit diagram. 


(4) Tuning condenser. 

(5) Transformer secondary. 

(6) Transformer primary.’ 


with the loop, and the windings ar.e so designed that the 
circuits are matched at wavelengths of 40 and 100 metres 
(frequencies of 7-5 and 3 Me./sec.), which gives approxi¬ 
mate matching over the wavelength range 30-100 metres. 
Theie is an electrostatic screen between the windings of 
the transformer. The screened twin feeders between the 
loops and the. central hut are of ordinary twin lead- 
co\ eied electric lighting cable. They are buried to a 
depth of a few inches, partly to bring them in close 
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Fig. 4.—Loop details. 

Screening pipe containing loop and rotating about central vertical axis 
Insulating gap in screen. 

Metal box containing tuning condenser and feeder transformer. 
Insulating supports. 

Metal tube containing leads from loop to (3). 

Four single loops. 

Series-parallel connection box. 

Scale, 

Pointer. 

Screened feeder to cathode-ray apparatus. 

Wooden supporting platform, 


mesh to which the transmission lines are bonded at their 
point of entry at the centre point of its floor. The four 
feeders then pass into a small screening box (called the 
“ mixing ” box) where they are connected to a series of 
switches and variable resistances as shown in Fig. 5. By 
means of the switch the two incoming feeders constitut¬ 
ing a pair are joined together (in conjunction or opposition 
as desired) and to the common input feeder leading to one 
of the amplifiers, while the resistance can be made to 
vary the relative output of the loops in order to obtain a 
perfect balance. This enables the process kn own as 
lining-up to be carried out in the manner described in 
another Section. 

The two feeder-pairs from the “ mixing ” box pass 
directly to the input transformers of the pair of matched 
amplifiers whose outputs are connected to the plates of 
the cathode-ray tube. This combination of two ampli¬ 
fiers and cathode-ray tube constitutes a cathode-ray 
comparator. Essentially similar apparatus, the work¬ 
ing thereof, and the methods of photographic record- 



proximity to the surface of the earth and partly to 
protect them from mechanical damage, and are brought 
up along the outside of the central axis of the loop to the 
screening box, to which the screen is bonded. 

At the centre of the system inside the hut is fixed a 
screening cage approximately 6 ft. cube, consisting of a 
wooden framework covered with wire netting of 1 in. 


Fig. 5.—Circuit diagram of mixing box. 

(1) Variable resistance. (2) Reversing switch. 

ing adopted, have already been described in other 
publications.* 

(c) Lining-up the System 

It will be clear from the principle of action of the 
direction-finder that it must be assumed that, provided 
each loop is acted upon by an equal and co-phasal field, 
it must with its associated feeder contribute exactly 
co-phasal and equal e.m.f.'s to the central points of the 
system, and that on passing through the two amplifiers 
the signal from each pair is subjected to the same gain and 
phase-change. To attain this end all corresponding parts 
of the system are made as nearly equal as possible, but 
in practice it is not possible to attain in this way the 
degree of equality necessary to ensure the desired overall 
accuracy of the instrument, and certain controllable 
adjustments are provided for the'final matching. To 
make these adjustments it is necessary to provide a local 
source of energy which, acting equally on all four aerials, 
enables the adjustments to be made which give equal 
output. This is provided by installing a transmitter 
with a short vertical aerial on the top of the screening 
cage at its geometric centre, and tuning it to radiate at 
the frequency of the signal to be received [see Fig. 2(a)]. 
With this switched on, fine tuning adjustments can be 
made in each loop, together with further resistance adjust¬ 
ments and the usual lining-up process, stage by stage, of 

* See Bibliography, (15). 
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the amplifiers. In this way the two loops of a pair can 
be balanced against one another to give the required 
degree of equality, and the two pairs can be equalized by 
appropriate adjustments to the amplifiers. The degree 
of equality required for a given accuracy, and details of 
how it is attained, are given in another Section. 

(d) Pick-up Factor 

The " pick-up factor ” of an aerial system is defined as 
the quotient of the potential difference across the first 
grid circuit of the amplifier and the field strength existing 
at the aerials. It is a measure of the sensitivity of the 
aerial system, and is determined by the size of the loops, 
the spacing of the aerials, the magnification factor of the 
tuned circuits, and the efficiency of the coupling trans¬ 
formers. It is found that the attenuation of the trans¬ 
mission lines themselves is negligible. 

The pick-up factor of the system has been measured by 
experiment and found to have the values shown in. 
Table 1, for a wave travelling along the ground. 


Table 1 


\ 

Frequency 

Pick-np factor 

metres 

Mc./sec. 

metres 

100 

3-0 

1-0 

75 

4-0 

1-5 

45 

6-7 

3-0 

33 

9-0 

6-0 


These values were found to be in close agreement with 
those calculated from the known dimensions and charac¬ 
teristics of the various parts of the aerial system. For 
frequencies above 4*0 Mc./sec. the loops were used with 
only one turn on each. It might appear that the pick-up 
factor on any frequency could be increased considerably 
by increasing the number of turns used on each loop. 
Theoretical considerations, however, have shown that 
this is not so, and experiment confirms these conclusions. 
Briefly, the reason for this is that while, by increasing the 
number of turns on any loop, the e.m.f. picked up by the 
loop is increased proportionally, the inductance of the 
loop and its high-frequency resistance are both increased 
much more rapidly, more or less proportionally with the 
square of the number of turns. This rapid increase of 
the resistance of the loop has exactly the effect of can¬ 
celling the increase in pick-up factor brought about by 
the increased e.m.f. received by the loop itself. 

Two turns were used on the loops at the lower fre¬ 
quencies, chiefly to achieve a high inductance in the 
loop circuits and thus to facilitate tuning of the loops. 

It should be borne in mind that since the pick-up factor 
of the system depends on the angular spacing of the 
aerials, it is a function of the angle of incidence of the 
wave, being in fact proportional to the sine of the angle 
of incidence. Thus the pick-up factor becomes much 
smaller for steeply downcoming waves. 

(3) INSTRUMENTAL ERROR 

Spaced-aerial direction-finders are liable to instru¬ 
mental errors of several different types. It is proposed in 


this Section to deal with such errors as apply to the 
spaced-loop direction-finder, and to indicate the per¬ 
formance of the instrument in respect of such errors and 
to show to what extent the errors which remain in the 
instrument affect the accuracy of the results obtained. 

(a) Polarization Errors 

It is important to consider to what extent the spaced- 
loop direction-finder is liable to polarization errors, i.e. 
errors whose magnitude and sign depend on the state of 
polarization of the received waves. With this direction¬ 
finder it is found the polarization errors may arise from 
two causes. 

Firstly, energy may be picked up by the outer screen 
of the horizontal feeders running between the aerials and 
the receiver, and transferred to the aerials by radiation 
or by electromagnetic coupling between the aerials and 
the outer screens of the feeders. It is clear that, in the 
presence of downcoming waves, if the loop aerials are so 
oriented as to receive energy either from the vertically 
polarized component of the wave only or partly from the 
vertically polarized component and partly from the 
horizontally polarized component, such transfer of energy 
from the screening cover of the transmission lines to the 
aerials would give rise to polarization errors, since the 
energy received by the screening cover of the lines is 
derived from the horizontally polarized component of 
the wave. 

Secondly, if the planes of all four loops are not exactly 
parallel, polarization errors will again arise, since the 
loops will not be all equally receptive to the vertically or 
horizontally polarized component of the received waves. 

Returning to the case of the first type of polarization 
error mentioned above, it is evident that the magnitude 
of the error involved will depend on several factors, viz. 
the strength of the horizontal electric field at the trans¬ 
mission lines, the “ wanted ” pick-up of the aerials 
themselves, and some factor in the nature of a coupling 
coefficient representing the ratio between the e.m.f.’s 
induced in the loops by currents flowing along the outer 
screen of the transmission lines and the e.m.f. picked up 
by that screen on account of the horizontal electric field 
of the wave. It may be noted that, in the special 
case in which the loops are so oriented as to be receptive 
only to the horizontally polarized component of the 
received waves, the error introduced is not strictly a 
polarization error, since both the “ wanted ” and “ un¬ 
wanted ” pick-up are due to the same component of the 
wave. The error, however, does vary with angle of 
incidence in this case and is therefore still undesirable. 

For simplicity of treatment, however, we shall deal 
with the case in which the planes of the loops are parallel 
to the vertical plane of arrival of the wave, so that the 
loops are receptive only to the vertically polarized com¬ 
ponent of the wave, and the “ unwanted ” pick-up is due 
to the pick-up of the horizontally polarized component 
by the outer screen of the transmission lines. The 
polarization error resulting when the planes of the loops 
make any other angle with direction of arrival of the wave 
can be shown to be of the same order of magnitude as for. 
the case here considered. We shall further suppose that 
the wave arrives along the direction of the line joining one 
pair of aerials and use the following notation:— 
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A = area of one loop in square metres. 

n — number of turns on loop. 

d = distance between loops. 

A = wavelength. 

Ey — intensity of vertically polarized component in 
wave. 

E e = intensity of horizontally polarized component 
in wave. 

Y = intensity of horizontal electric field at the 
outer casing of the transmission lines. 

K — number-representing the “ coupling coefficient ” 
between outer screen of transmission lines 
and loops referred to above. 

Pv — reflection coefficient of earth for vertically 
polarized waves. 

Ph — reflection coefficient of earth for horizontally 
polarized waves. 

e == error. 

6 — angle of incidence of wave. 

</., j3 — angular misalignment of one loop in horizontal 
and vertical planes. 


We have the following:— 


" Wanted ” pick-up 
" Unwanted ” pick-up 


= Ey{\ -j- 


2nAn 

Pv)— 


= YclK. 



Then the -maximum value of e, obtained by assuming 
the wanted ” and the “ unwanted ” pick-up are in phase, 
is given by 


tan e = 


_ YKX* 

Ey(l + p v )4,n 2 An sin 9 


of 10- 4 for frequencies of 3 and 8 Mc./sec. This means 
that the error for a " standard wave ” (angle of incidence 
45° and equal vertically and horizontally polarized com¬ 
ponents) is not greater than 0-1° at these frequencies, 
and while errors of greater magnitude can occur they can 
only do so at the expense of signal strength. Thus 
errors of the order of 1° would occur only when the ampli¬ 
tude of the signal fell to about one-tenth of its normal 
value, that is to say when the “ wanted ” component in 
the wave became very much smaller than the " un¬ 
wanted ” component. As the state of polarization of 
ionospheric waves is constantly changing, provided bear¬ 
ings are only noted when the amplitude of signals is near 
the maximum the polarization error from this source ig 
negligible. 

As far as the second type of polarization error is con¬ 
cerned, namely that arising from the loops not being all 
strictly parallel, we may again consider a simple example 
to examine to what degree of accuracy the loops must be 
set up. The apparatus is supposed to be disposed in the 
same manner as described above, with the planes of the 
aerials parallel to the vertical plane of arrival of the wave 
and the line joining one pair of aerials pointing in the 
direction of arrival of the wave. We shall suppose that 
three of the loops are exactly parallel to the plane 
of arrival of the wave, while the fourth, which we shall 
assume to be one of the pair on the line at right angles to 
the direction of arrival of the wave, makes a small angle a 
with that direction. 

The " wanted ” pick-up for the pair of loops lying 
along the direction of arrival of the wave will be, as 
before. 


The coupling coefficient K has been measured experi¬ 
mentally in the following manner. The transmission 
lines from one pair of aerials were removed from their 
trenches under the ground and suspended close to the 
ground but not touching it. These transmission lines 
were each encircled by a toroidal inductance, the two 
toroids being fed from a common oscillator and so wound 
as to induce currents in the same direction in the two 
halves of the transmission line. Knowing the current in 
the toroids (measured by a thermo-junction) and the 
coefficient of mutual induction between the toroids and 
the lines, the e.m.f. induced in these lines can be cal¬ 
culated. The e.m.f. induced in the loops by the currents 
flowing in the lines is observed by noting the signal pro¬ 
duced in the receiver, the two loops being connected 
together in the same sense as when used as part of the 
direction-finder. By injecting a known e.m.f. directly 
into the loops and observing the value of e.m.f. required to 
produce the same signal in the receiver as that produced 
by the currents induced in the outer screen of the trans¬ 
mission lines, the factor K can be found. The direct 
injection into the loops can be accomplished in several 
ways. One method is to insert a small resistance at the 
centre of the loop and to connect the output from a signal 
generator across the resistance. Another method, suit¬ 
able in cases when it is not possible to reach the centre of 
the loops, is to radiate a signal from a small oscillator the 
field strength of which at the loop can be measured or 
calculated. 

The value found for K, by experiment, was of-the order 


By {I + Pv) 


2nAn 2nd 


sin 9 


In the case of the other pair of loops, lying on a line per¬ 
pendicular to the direction of anival of the wave, the 
pick-up due to the vertically polarized component is zero, 
since it is equal (approximately) for the two loops which 
are in opposition, but since one loop makes a small 
angle oc with the direction of arrival of the wave there is a 
residual " unwanted " pick-up due to the horizontally 
polarized component of amount 

™ ,, . , Ain An sin oc 

Er{ 1 + p h ) cos 9 -^- 

The maximum error, assuming the " wanted ” and 
unwanted ’ pick-up to be in phase, is given by 

tan e = — • — P h \ • —... co t 0 sin a 
By (1,-f Pp ) 2nd cot0sm a 

For a standard wave Eg — Ey and we may write 
Ph ~ Pv — 1 (approximately), from which it appears that 
e is of the same order of magnitude as a for a standard 
wave. Again, the error may be many times as big, but 
only when the ratio E s {Ey becomes large or 0 so small 
that the ,f wanted ” pick-up becomes very small also. 
Thus, except for very small angles of incidence, if obser¬ 
vations are confined to those made when the amplitude 
is large, the polarization errors due to this cause will be 
of the same order of magnitude as a. It can be shown 
that in the more complex case, in which the planes of the 
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loops do not coincide with the plane of arrival of the 
wave and thus each receives signals from both vertically 
and horizontally polarized components, the result is 
broadly the same. It therefore appears that misalign¬ 
ment of any loop from the plane parallel to the others 
gives rise to polarization errors of the same order of mag¬ 
nitude as the angular misalignment, except when the 
signal strength falls to small dimensions on account of 
changes in the state of polarization of the wave. 

What has been said above refers to azimuthal mis¬ 
alignments, but it is also true that if all the loops do not 
make equal angles with the vertical, polarization errors 
will arise. Calculations show that if one loop is out of 
the vertical by an angle ft the standard-wave error is of 
the order of J8 /|Vk'[» where K> is the complex dielectric 
constant of the ground. 

In practice, it has been found that by making use of 
sights attached to the frames of the loops and training 
the loops on distant posts spaced apart the same distance 
as the loops, the error in angular alignment of the loops 
has been kept to a value less than 0 • 2°. 

As an indication that polarization errors in this instru¬ 
ment are as small as the foregoing would appear to 
indicate, it may be noted that in the course of making 
observations on the direction of arrival of pulses from 
Dorchester (distant 160 km. from Slough) using a wave¬ 
length of 37-3 metres, occasions have occurred when the 
two components of the first-order F 2 echo, separated in 
time on account of magneto-ionic splitting, have been 
observed to give exactly the same bearing. These two 
components are elliptically polarized, having opposite 
senses of rotation of the ellipse in the two cases. Polari¬ 
zation errors would thus have opposite signs in the two 
cases. 

Occasions have also been observed when the two com¬ 
ponents did not give the same bearing, but these appeal 
to be genuine cases of difference in the direction of arrival 
of the two. If such difference in apparent direction were 
due to polarization error it would always exist. This, 
however, is not in agreement with observed facts. 

(b) Other Forms of Instrumental Error 

Of the other forms of instrumental error, the next in 
importance after polarization errors are those which arise 
from lack of balance between the aerials. Such errors 
will arise, for instance, if, when equal and co-phasal fields 
exist at the aerials, the signals'produced at the receiver by 
all four aerials are not equal. 

The theory of this type of error has been discussed in 
another paper,* and all that requires to be said here is 
that the magnitude of the error depends on the ratio of 
the signal obtained from a pair of aerials connected in 
opposition to the signal obtained from the pair connected 
in conjunction when equal and co-phasal fields exist at 
the two aerials of the pair. Now, as mentioned elsewhere 
in the paper, in order to achieve a sufficiently high .value 
of pick-up factor the aerials used in this system were 
tuned to resonance. As stated in an earlier Section, it is 
found, in practice, that if the four aerials are separately 
tuned to resonance the phases and amplitudes of the 
currents in them are not in general sufficiently equal, 

* See Bibliography, (16). 


SPACED-LOOP DIRECTION-FINDER 

and some methods of fine balancing are required. Ihe 
method finally adopted makes use of a small oscillator 
with a short vertical aerial located exactly at the centre 
of the system. The four aerials are set up in^such a 
manner that their planes are parallel and at 45 to the 
line joining their centres to the centre of the system. It 
is assumed that the oscillator will produce equal and 
co-phasal fields at all four aerials. Aftei tuning all four 
aerials to resonance (i.e. until the amplitude of signal 
received from the central oscillator is a maximum) the 
opposite aerials in each pair are opposed. Ideally, the 
signal obtained from a pair of aerials should then be zero. 
In general it is found not to be so. By making slight 
adjustments to a trimming condenser connected in 
parallel with the main tuning condenser of one aerial of 
each pair and to a small variable resistance connected in 
series with the feeder from that aerial, the residual signal 
from a pair of loops connected in opposition can be con¬ 
trolled until its amplitude in comparison with the signal 
obtained either from one loop alone or from the pair con¬ 
nected so as to be in conjunction, is sufficiently small foi 
the degree of accuracy required. Having “ balanced ” 
each pair of aerials in this way the aerials in each pair are 
connected so as to be in conjunction with respect to the 
signal from the central oscillator. 1 hey ax e then in 

opposition with respect to a distant oscillator, and are 
thus in the operating condition. With the members of 
each pair connected in conjunction, the signals induced in 
each pair ought to be equal and co-phasal, and these 
signals, after passing through a pair of identical ampli¬ 
fiers to the orthogonal pairs of deflecting plates of a 
cathode-ray oscillograph, ought to produce on the 
fluorescent screen of the oscillograph a line at 45° to the 
axes of deflection of the tube. The amplifiers themselves 
are balanced stage by stage as described in other publica¬ 
tions,* so that when equal and co-phasal signals are 
applied to the input of each the trace on the oscillograph 
screen is a line at 45° to the axis. 

It is found that when the two pairs of aerials are con¬ 
nected, one pair to each amplifier, with the aerials in con¬ 
junction with respect to the central oscillator, the figure 
on the oscillograph screen when signals are received from 
the oscillator is usually a thin ellipse whose major axis is 
nearly but not quite at 45° to the axis of the tube. This 
indicates that, while the members of each pair have been 
“ balanced ” with respect to each other, the one pair 
is not “ balanced ” with respect to the other pair. The 
necessary balance can, however, be easily obtained. All 
that it is necessary to do is to make a small adjustment 
to the tuning of one stage of one of the amplifiers or to 
the attenuator of the amplifier, or to both, until the figure 
on the tube takes the form of a line at 45° to the axis of 
deflection of the tube. The apparatus is then ready for 
use on the frequency at which the adjustments have 
been made. 

It is necessary to deal with several questions of major 
importance in connection with instrumental errors arising 
from lack of balance or adjustment of the aerial systems. 
In the first place, the absolute accuracy of the apparatus 
after adjustment depends essentially on the accuracy 
with which the central oscillator produces equal and 
co-phasal fields at the four aerials. If it does not do this 

* See Bibliography, (15). 
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exactly, an error will be introduced by carrying out the 
aerial adjustments and balancing on the assumption that 
it does. Such an error will, however, always remain the 
same for a given direction unless changes are made in the 
disposition of the oscillator and aerials, since it is found 
in practice that the aerial system can be balanced to an 
accuracy better than i 1°. There are some indications 
that the central oscillator does not produce exactly equal 
and co-phasal fields at the four aerials, since the mean of a 
large number of bearings taken on a distant fixed trans¬ 
mitting station usually shows an error of 2° or 3°. The 
means of small groups of observations on the same 
station taken at different times, however, usually lie 
within 1° of the mean of all observations. 

Once the aerial system has been balanced, it is im¬ 
portant that balance should be maintained at least during 
the period that the apparatus is used. It has been 
found that in favourable circumstances (i.e. fine, dry, 
calm weather) the aerial balance remains sufficiently good 
for periods of as much as one or two hours continuously 
and even in adverse circumstances the balance is nearly 
always maintained for at least 15 to 30 minutes con¬ 
tinuously. In very damp weather, however, there is 
usually a steady drift in the balance, necessitating re¬ 
adjustment after such a period. In operation, the balance 
and general line-up of the apparatus is frequently 
tested, and readjustments are always made whenever a 
drift great enough to change the instrumental error by 
more than 1° has occurred. In addition to such slow 
changes in balance, there is usually also a more or less 
rapid “ flutter ” of the balance, particularly on very 
windy days. The " flutter ” is never greater than would 
cause an oscillation of the bearing of any station by more 
than ± 2 °, except for waves arriving at very small angles 
of incidence, say less than 30°. For smaller angles of 
incidence the uncertainty can be taken as inversely pro¬ 
portional to the angle of incidence. 

The process of adjusting the apparatus for operation 
on any frequency has been described. It has been found 
y experiment that the adjustment of the apparatus only 
holds over a limited band of frequencies in the neighbour- 
oo of the frequency at which adjustment was made, 
his appears to be essentially due to the fact that the 
aenais m operation are tuned to the incoming signal. 

I heoretically one might suppose that four identical aerials 
accurately matched to each other at one frequency would 
remain so matched. In fact, however, this state of affairs 
is unattamable, chiefly because the process of balancing 
does not adjust every part of one aerial to be identical 
with the corresponding part of the others, but simply 
ensures that the output of one aerial as a unit shall be 
identical with that of the others at the frequency of 
adjustment It has been found that the frequency band 

K) tnT^ Ch , the adjUStmentS of the aerials hold is about 
10 to 20 kc./sec. on each side of the frequency of adjust¬ 
ment. Outside these limits the error due to aerial un- 
alance becomes steadily greater than the instrumental 
accuracy of ± 1° aimed at. A further limit to the 
equency range of the instrument for any particular 
adjustment is imposed by the limitations of the ampli- 
fiers available for use. It was found necessary to perform 

l£ /, ? Pr0CeSS f0r these within about 3 to 5 

kc./sec. of the frequency on which it was desired to operate 


In practice, adjustment and lining-up of the apparatus 
is always carried out on as nearly as possible the exact 
frequency on which it is desired to operate, the central 
oscillator being tuned to produce a low audio note with 
the received signals if the latter take the form of con¬ 
tinuous waves. 

Finally, the apparatus is liable to other minor errors, 
such as errors arising in calibration of the protractor 
drawn on the cathode-ray tube face. This calibration is 
done at the intermediate frequency by the aid of a 

specially constructed potentiometer giving 10 ° steps round 
the protractor. Errors arising in calibration have a 
maximum of 2° and are generally considerably less. 
They are of course unimportant when studying changes 
in bearing and only affect the absolute accuracy of the 
instrument, since they are obviously fixed errors of the 
instrument. 

It is convenient here to summarize very briefly the 
state of development of the apparatus so far as instru¬ 
mental accuracy is concerned. The absolute accuracy 
of the apparatus is such that fixed errors in bearing of 
the order of 2° or 3° may be expected. Such errors 
■will be constant for a given azimuth, though they may 
vary to some extent with angle of incidence since the 
effective spacing of the aerials depends on the angle of 
incidence. For a given ray, the angle of incidence of 
which remains within a few degrees of a fixed value, such 
errors in the absolute accuracy of the apparatus will not 
give rise to any variations in the apparent bearing. This 
is an important point since, in its application, the 
apparatus is used to investigate changes in bearing, the 
absolute accuracy of the bearings being of lesser 
importance. 

In addition to such more or less fixed errors, there 
remain residual variable instrumental errors arising on 
account of fluctuations of the aerial balance, or very small 
fluctuations due to polarization error. These, however 
would not give rise to fluctuations in bearing greater than 
± or all rays except such as are incident at small 
angles (less than,, say, 30°) to the vertical. For such 
small angles of incidence the probable fluctuation in bear- 

mg is. approximately inversely proportional to the angle 
of incidence. 6 

Spurious fluctuations in bearing can arise in yet another 
way when receiving a continuous-wave signai which may be 

1 S6 Tf ^ at diff6rent an S les of incidence. 

If the instrumental error is different for the different rays 

each ray would have a different apparent bearing and it 

beanng S of W th tllat “ th f e circumstan ces the apparent 
bearing of the composite continuous-wave signal will 

“ 6 “ ***? of the separate rays 

change. The form of the trace on the cathode-ray tube 
will also pass through various forms of ellipse At the 
same time the amplitude of the signal will vary and at 

the bearing of t\e mPl f tUde “ ^ th<3 a PP arent error of 
times as Sat “ n . t ^ uoas - wave signal may be several 
fnr !L great as the difference m the instrumental errors 
or the separate rays. Thus in the course of such fading 
the apparent bearing will fluctuate. Provided however 

hen the amplitude is at least as great as 0 • 5 times the 

”Seutts s r ious “ ions wiI1 not —d 
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Fig. 7(a). —Zeesen (31-4 m.); 
0955 G.M.T.; 2.10.36. Ex¬ 
posure = -£ s sec.; interval be¬ 
tween photographs — 5 sec. 
Receiver beyond skip distance. 



Fig. 7(b). —Sayville (36 m.); 
2353 G.M.T.; 27.10.36. Ex¬ 
posure = wV sec.; interval be¬ 
tween photographs = 2 sec. 
Typical bearings. 


Plate 1 



Fig. 7(c). —Prague (44-6 m.); 
1530 G.M.T.; 8.3.37. Expo¬ 
sure = A ; sec. High-speed 
morse transmission giving 
complex pattern. 



Fig. 7(d). —Nauen (30-6 m.); 
1300 G.M.T.; 15.12.36. Ex¬ 
posure — t 1 ;, sec. Pulse trans¬ 
mission, 1st- and 2nd-order 
Fo rays giving different bear¬ 
ings. 



Fig. 7(e). —Dorchester (37-3 
m.); 1200 G.M.T.; 7.5.37. Ex¬ 
posure — % sec. Pulse trans¬ 
mission. Ordinary and extra¬ 
ordinary components of ray 
giving different bearings. 


I.E.E. Journal, Vol. 83. 


(.Facing page 104) 
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ig. 7(f). —Dorchester (37-3 m.) ; 
I020G.M.T.; 23.4.37. Exposure = 
sec - Interval between photo¬ 
graphs = 10 sec. Pulse trans¬ 
mission. Two rays (unidentified) 
giving different bearings. 
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Thus, provided note is taken of bearings only when the 
amplitude of the signal is reasonably large, the instrument 
itself cannot introduce fluctuations in bearing greater 
than a maximum of ± 2°, and the probable fluctuations 
arising from instrumental causes is of the order of ± 1°. 
In the course of many observations fluctuations outside 
these limits have frequently been observed. This renders 
it probable that many of the smaller fluctuations observed 
do not arise instrumentally, since these larger fluctuations 
cannot do so. 

The rejection of bearings observed when the amplitude 
is small, further ensures that actual deviations occurring 
in propagation are not magnified. Such magnification in 
the apparent deviation of a wave can occur in the case of 
continuous-wave signals composed of several distinct 
rays. If each, or any, of the rays is subject to some small 
amount of lateral deviation, the apparent bearing of the 
continuous-wave signal will vary as the relative phases of 
the various rays change, and may suffer apparent devia¬ 
tions several times as great as those of the individual 
rays. Such spurious effects, however, can again be 
minimized by observing bearings taken only when the 
amplitude is large, as mentioned above. 

In all results mentioned later in the paper, these con¬ 
ditions have been observed and it is felt that the devia¬ 
tions noted arise predominantly in the process of propaga¬ 
tion of the wave. 

(4) OBSERVATIONS AND TESTS 

The apparatus reached the stage of development 
recorded in this paper in the summer of 1936, about 
which time it was felt that it might profitably be taken 
into use for observations on the direction of arrival 
of waves. 

Bearings were recorded by taking snapshot photographs 
(usually several per minute) of the fluorescent screen of 
the cathode-ray tube (see Fig. 7, Plates 1 and 2, facing 
page 104). By this means it is possible to record 
bearings practically instantaneously and at regular 
intervals of time. The exposures used were ■£§ sec. for 
continuous-wave signals and about§■ sec. forpulses. Bear¬ 
ings were taken in groups usually extending over about 
5 to 16 minutes, the adjustment of the apparatus being 
checked at the beginning and end of each short period. 
The results of several different series of observations are 
recorded below. 

(a) Zeesen. 

The first series of tests with the apparatus was made 
by observing the bearings given by the German short¬ 
wave broadcasting station at Zeesen. This station is 
situated 920 km. from the Radio Research Station, 
and uses a wavelength of 31 ■ 4 metres. Observations 
were made whenever transmissions were available during 
the months of September and October, 1936, at which 
period the station was transmitting between the hours 
0500 and 1000 G.M.T. and between 2200 and 0300 G.M.T. 

It was found that results fell into two distinct classes. 
At times when the receiver was not within the “ skip- 
distance ” .from Zeesen, a reasonably definite and steady 
bearing was obtained [Fig. 7(a)]. The bearing was 
usually subject to continuous and variable oscillation 
about some mean position quite close to the true bear¬ 


ing, the oscillation being usually within an arc of about 
5°; deviations up to about 20°, however, were observed 
very occasionally when the amplitude was small. Dis¬ 
regarding the signals of smaller amplitude, however, the 
maximum deviation from the mean which was observed 
was about 10°. Bearings were usually recorded at the 
rate of about 12 per minute, those taken when the ampli¬ 
tude was greatest being finally selected from the recorded 
bearings. In the observations here referred to, all those 
for which the amplitude fell below 0 • 7 times the maxi¬ 
mum were rejected. The probability that the deviations 
observed in those results which remain occur in propaga¬ 
tion is thus very high. 

Table 2 gives the distribution of bearings relative to 
the mean and is based on about 300 results. 

Table 2 

Zeesen (A = 31-4 metres, distance 920 km.) 


Percentage of observations having deviations from the mean not exceeding:— 


1° 

2° 

3° 

5° 

10° 

54 

85-5 

96 

99 

100 


The observations in each group were averaged and it was 
found that the group means lay very close to the mean 
of all the observations. The mean of all tb e observations 
had an error of + 2°, which represents the more or less 
fixed instrumental error. Of the 15 groups of bearings on 
which the analysis is based, 7 had a mean bearing within 
1° of the mean of all the observations, and all were within 
2° of that mean. Variations in the state of adjustment 
of the apparatus could account for variations of the 
absolute instrumental error of not more than 1°. The 
results obtained, therefore, show that during these tests 
there were no occasions on which a steady lateral 
deviation of more than between 1° and 2° persisted 
throughout the duration of a group of observations. 
Table 2 shows, however, that the waves received are 
subject to continuous changes of bearing of not more 
than 10° about a mean position which appears to be 
close to the true bearing. The probable deviation of a 
single observation is seen to be of the order of 1°. 

At times when the receiver was within the skip-distance 
from Zeesen (from a few hours after sunset until about 
sunrise) the results obtained were different. Signal 
strength fell some 30 to 40 decibels. The form of the 
trace on the oscillograph screen passed rapidly and con¬ 
tinuously through all forms of ellipses from'a straight line 
to a circle, the major axis at the same time swinging 
through all possible orientations [Fig. 7(g)]. There was 
a slight tendency for a predominance of bearings in a 
direction some 20° from the true bearing, but the bear¬ 
ings recorded were very widely scattered about this 
direction—about 50 % showing bearings more than 20° 
different from the means of all the recorded results. The 
mean bearing indicated agrees very approximately with 
the bearing to be expected if the scattered signals re¬ 
ceived at this time came mainly from points along the 
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beam of the transmitter. It is, however, clear that no 
reliable bearings could be obtained at such times. 

(b) Nauen. 

To throw further light on the results obtained in the 
tests mentioned above, a short series of special pulse 
transmissions from the German station at Nauen (920 km. 
distant, wavelength 30 • 6 metres) were arranged with the 
German Post Office through the land co-operation of 
Dr. T. Walmsley of the British Post Office. The trans¬ 
missions took place in December, 1936, between the hours 
1300 and 1400 G.M.T. It was found that with the pulses 
used (-J millisec. long) in general two rays were received, 
corresponding to the first- and second-order reflections 
from F 2 region. The third-order ray was also received at 
times, and very occasionally others which may have been 
reflections from E or Fj regions [Fig. 7(F)], 

It was found that all the rays were subject to continu¬ 
ous and \ r ariable deviations. In the case of the ray 
corresponding to the first-order F 2 reflection, the trace on 
the tube was nearly always linear but occasionally became 
slightly elliptical, while fading, though not so rapid as 
in the case of continuous waves, was usually present, 
d his indicates that the ray cannot always be regarded as 
a single ray but is composite. In view of this, in produc¬ 
ing Tables 3 and 4, observations made at small amplitudes 
have been neglected. The effect on the distribution of 
errors was found to be slight and much less than in the 
case of continuous waves. The greater deviations 
(between 10° and 20°) were, however, eliminated by this 
process of selection, such deviations being probably 
occasioned by the interference effects referred to above. 
The distribution of bearings relative to the mean is given 
in Table 3, which is based on about 550 results. 

Table 3 

Nauen (A = 30-6 metres, distance 920 km.) 
lst-order F 2 reflection 


Results for the second-order ray were very different 
from those for the first-order ray. Of 13 groups of bear¬ 
ings obtained on this ray only two groups had mean 
bearings differing by 1° or less, 5 had mean bearings 
differing by 2° or less, and 8 had mean bearings differing 
by 5° or less from the mean of all the observations. The 
mean bearings of the remaining 5 groups had deviations 
from the mean of all the observations of — 5-8°, -f 6*2°, 
-j- 7 • 2°, — 7*7°, + 8*2°. These groups extended over 5 
to 10 minutes and it is seen that, in the case of this ray, 
steady deviation of one sign might persist for several 
minutes continuously and might have a maximum value 
of about 8°. The individual bearings in each group, of 
course, fluctuate rapidly about the mean bearing for the 
group. Table 4 shows the distribution of the individual 
observed bearings relative to the mean of all the observa¬ 
tions and has been compiled from 250 results, signals of 
small amplitude being neglected. 

Table 4 

Nauen (A = 30-6 metres, distance 920 km.) 

2nd-order F 2 reflection 


Percentage of observations having deviations from the mean not exceeding:— 


1° 

2° 

3° 

5° 

10° 

20° 

18 

30 

42 

58 

85 

99 


Percentage of observations having deviations from the mean not exceeding:— 



f>0 

3° 

5° 

10° 

49 • 5 

73 

85 

98 

100 


The mean of all the observations had an error of 

~ \ he observa «ons were, as before, taken in groups 

To mtates sT al P 6 ™ 48 intervals of about 

and of these "T T" 1 ' 3 ° f bearin S s were taken 

to iff 7 13 pyps had a mean error with respect 

in» 3 S. relat° a0nS ° f OT IeSS ' the remai “- 
6 Having relative errors of — 2 ° 4 - 2 - 5 ° __ o ao 

P p'emhtffiffor ^ i 7 latGral deV ^ ti0n ° f more than 
1 persisting for several minutes on end is uncommon 

but does occasional* occur and may have an ampTude 

to a continnm dmduaI beann gs, however, are subject 

up to abofo 10 ° 7 l€ am ° Unt ° f lateral deviation 
l t ! the probable deviation being 

about 1 as shown in Table 3. The angle of incidence fof 
this ray was measured and found to be about 50° 


The probable deviation is seen to be between 3° and 5°. 
Only a few observations were made on the third-order 
ray, but these showed that the deviations suffered by 
this ray were still greater, the probable deviation being- 
between 5° and 10°. The number of results is too small 
to make the construction of a table of much value. It 
may be added that the first-order ray was usually much 
the strongest, being usually at least twice as strong as the 
second-order ray. Continuous-wave signals from such a 
station, and in similar circumstances, will therefore con¬ 
sist mainly of the first-order ray, and might be expected' 
to show results similar to those obtained with the first- 
order ray. The results obtained in the Zeesen tests are 
in confirmation of this supposition, as a comparison of 
the results will show. 

The results of the Nauen measurements agree on the 

CtOTil J ^ th ° Se ° btained b 7 Eckersley? 
from measurements made with a single-pair spaced-loop 
airangement on pulses from the same transmitter. P 

(c) Prague. 

A number of observations have been made on signals 

of°about ^040 r W T Iength ° f 44 ‘ 6 metres at a dis ta nce. 
at an hour, March and A P ril - 10 37, and 

GMT Tn fi G ay between 1000 G.M.T. and 0100 
carnw ™ 11S , Case the missions are morse signals, the 
carrier wave being modulated. The figure on the- 

pk^feverlmi 6 T T- frequmtl y extremely com¬ 
plex, several thm ellipses being seen at once in addition 

* See Bibliography, (13). 
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to other fainter ellipses apparently corresponding to key- 
clicks [Fig. 7(c)]. The bearings indicated by the different 
ellipses were generally quite different. On some occa¬ 
sions only one ellipse was visible. When several ellipses 
were present, the bearing of the one of greatest amplitude 
only has been taken into account, all signals whose ampli¬ 
tude fell to below 0*5 times the maximum being rejected. 
The results obtained are similar to those obtained on 
Zeesen, although the deviations noted are somewhat 
greater. 

The mean of all the observations had an error of — 4°. 
Of 27 groups of bearings recorded, 15 had mean bearings 
within 1° and 23 had mean bearings within 2° of the mean 
of all. The remaining 4 groups had deviations from the 
mean of 2 • 5°. The nature of the results was practically 
the same at all times when transmissions were observed, 
and at no time did the receiver pass into the skip region, 
from Prague. The distribution of bearings for all the 
individual observations noted is shown in Table 5, which 
is based on 700 observations. There were occasions when 
the distribution was better than that shown in Table 5, 
such times usually occurring during the middle of the day. 
There are insufficient data, however, to correlate any 
particular type of results with a particular time of day, 
except to note that all four occasions on which the mean 
relative error of a group exceeded 2° occurred in the 
late evening. 

Table 5 

Prague (A = 44-6 metres, distance 1 040 Km.) 


Percentage of observations having errors relative to the mean not exceeding:— 


1° 

2° 

3° 

5° 

10° 

20° 

39 

58 

72 

85 

98 

99-7 


The results appear to show that the waves received 
were quite frequently subject to steady deviations of 
about 1° to 2°, since 12 out of 27 groups had deviations of 
more than 1° from the mean of all the results. Such 
steady deviation, however, was not found to exceed 2 ■ 5°. 
The probable deviation of a single observation is between 
1° and 2°. 

(d) Various American Fixed Stations. 

Observations were made during October and November, 
1936, on stations situated at Sayvilje (wavelength 36 
metres), Chatham, Mass. (36 • 5 metres), Millis, Mass. (31 ■ 4 
metres), Schenectady (31-5 metres), and New Brunswick, 
N.J. (31*7 metres), all some 5 000 km. from the Radio 
Research Station. 

Observations were made when transmissions were 
available and could be picked up at sufficient strength, 
namely between the hours of 2000 G.M.T. and 0400 G.M.T. 
It was found that deviations were usually somewhat 
larger than those observed on the stations already men¬ 
tioned, and the tendency for a steady deviation to persist 
„for several minutes was somewhat greater [Fig. 7(5).] 
Thus of the 9 groups of observations made, only 5 had 
•mean bearings differing by 2° or less from the mean of all, 


and the mean of one group had a deviation of 4 • 6 relative 
to the mean of all. It has been assumed that, since all 
the above stations lay in approximately the same direc¬ 
tion and used wavelengths quite close to each other, the 
fixed error would be approximately the same for all of 
them. This fixed error appeared to be about - 3°. 
The distribution of bearings for individual observations 
is given in Table 6, which is based on about 250 observa¬ 
tions. About 500 of the observations actually made 
were rejected as having too small an amplitude. The 
nature of the results was inclined to be very variable, 
bearings being occasionally much steadier than Table 6 
implies, and at times even less steady. The probable 
deviation of a single observation appears to be between 
2° and 3°. 

Table 6 

Various U.S.A. Transmitting Stations (wavelength 
31 *4 TO 36 METRES, DISTANCE 5 000 KM. APPROX.) 


Percentage of observations having errors relative to the mean not exceeding:— 


1° 

2° 

3° 

5° 

10° 

20° 

24 

39 

56 

77 

95 

100 


These results again may be compared with those obtained 
by Eckersley* from a few observations made on Montreal 
(A = 32 • 15 m.) at Chelmsford with his single-pair spaced- 
loop system, when deviations of the same order were 
recorded. 

(e) Dorchester. 

Observations have been made on pulse transmissions 
from Dorchester on a wavelength of 37 ■ 3 metres during 
the months of April, May, and June, 1937. This station 
is about 160 km. from the receiver. The signals which 
are received are, therefore, incident at quite a small 
angle to the vertical. For the first-order reflection from 
the F 2 region, the angle of incidence of the ray was 
probably between 12° and 18° during the period of the 
tests. At such angles of incidence the instrumental 
accuracy is, of course, not of such a high order as for 
rays at much greater angles of incidence, since the 
effective spacing between the aerials is less, and small 
misadjustments of the aerials may produce quite appre¬ 
ciable errors. This affects most particularly the absolute 
accuracy of the direction-finder. The minor fluctuations 
in aerial balance which occur more or less continuously 
during observations also produce correspondingly larger 
fluctuations in the apparent bearing. Any residual 
polarization errors also become increasingly great as the 
angle of incidence decreases. For equal horizontally and 
vertically polarized components in the wave, however, the 
polarization error for an angle of incidence of about 12° is 
not greater than about 1°. It will increase, of course, as 
the state of polarization of the wave changes in such a 
manner as to reduce the wanted pick-up of the aerials, 
but provided bearings are only noted when the amplitude 

* See Bibliography, (18). 
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of the signals is near the maximum the error cannot 
exceed, say, 2° at most. Tests have shown that for 
signals from this station the average strength of the 
horizontally and vertically polarized components are 
equal. At the most, therefore, instrumental errors can¬ 
not give rise to variable errors in the bearing of more than 
4° or 5°, and probably the instrumental variations do not 
cause any deviations greater than about 2° or 3°. 

The results obtained in the course of tests on Dorchester 
are, in the main, strikingly different from those obtained 
on the more distant stations and are most conveniently 
illustrated by graphs. This has been done in Fig. 6. 
For any particular ray the bearing fluctuates about some 
mean position, but this mean position is frequently many 
degrees from the true bearing. It has been observed to 
be as much as 50° to 60° in error, and moreover is fre¬ 
quently observed to drift steadily in one direction or the 
other. Thus a continuous change in the mean bearing of 
as much as 25° in 10 minutes has been observed (Fig. 6 
30.4.37, 0940 G.M.T.). Occasionally, too, the drift may 
change direction after several minutes, so that the mean 
bearing returns to its original value (Fig. 6, 30.4.37, 
0940 G.M.T.). The mean bearing has also been observed 
to oscillate slowly about the true value (Fig. 6, 23.4.37, 
1020 G.M.T.). The fluctuations of the bearing about its 
instantaneous mean position are usually of small ampli¬ 
tude, i.e. i 3° or 4° at most. Moreover, when more than 
one ray is present the two rays frequently show very 
different bearings, as much as 10° to 20° difference in 
bearing being observed for the first- and second-order 
reflections from F 2 (Fig. 6, 21.5.37, 1030 G.M.T.). At 
times also the first-order reflection has been observed to 
be split into its two components by magneto-ionic action. 
When this occurs the two components have been observed 
sometimes to arrive in exactly the same direction and to 
continue to do so for several minutes together, although 
that direction of arrival may not correspond to the true 
bearing (Fig. 6, 4.6.37, 0930 G.M.T.—first 7 minutes), 
while at other times they may have bearings differing bv 
up to 30° (Fig. 6, 7.5.37, 1050 G.M.T., and 4.6.37, 
0930 G.M.T.—last 10 minutes). It should be noted that 
e effect of any substantial polarization error in the 
direction-finder would be to produce a difference in 
apparent bearing for these two components of the first- 
order F 2 reflection of more or less constant amplitude and 
ot constant sign and such that the mean bearing of the 
two was approximately true. This is deduced from the 
known fact that the two components will be nearly 
circularly polarized, having opposite senses of rotation, 
he results show, however, that the difference in bearing 

° r o * tW ° COmponents can b e anything from zero to 
JO and is not of constant sign, sometimes the one and 
sometimes the other being most northerly. The mean 
earing may not be even approximately true. 

_ ° n a J ew occasions, when a single ray only has been 
received, results have been very erratic, the bearing 
changing by 20° or 30° from one instant to the next and 
not showing any tendency to indicate a mean direction 
( ig- 6, 4.6.37, 1100 G.M.T.). This might be expected to 
occur at times when the ray consisted of several com- 
ponen s (such as the two magneto-ionic components, not 
actually separated in time) each of which was subject to 
ajarge amount of deviation. As the phase relationship 


250r- 


23.4.37 1020 G.M.T. 



Time (v2inule.s) 15 

Fig. 6.—Observations on pulse transmissions from 
Chester (A = 37-3 m.). 

True bearing. 

Ist-order F 2 reflection. 


- 2nd-order F 2 reflection. 

O = Ordinary component. 

E = Extraordinary component. 
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of the components changed, the apparent bearing would 
fluctuate to a very great extent. At such times also, the 
trace, which is usually practically linear, may become 
very much opened out into an ellipse. 

These results can only be interpreted as implying that 
considerable lateral deviation of waves which have 
travelled by way of the ionosphere can exist. Instru¬ 
mental errors might possibly account for the small 
fluctuations of the bearing from instant to instant in the 
case of waves incident at such small angles to the vertical 
as those received from Dorchester, but cannot account 
for the large deviations of up to 50° which have been 
observed. Such deviations imply that the region of the 
ionosphere effective in reflecting the waves received at 
the direction-finder may be displaced laterally by as much 
as 50 to 100 km. from the great-circle path joining the 
transmitter and receiver. 


(5) CONCLUSIONS 

It has been shown that the spaced-lOop direction¬ 
finder is to a very large extent free from instrumental 
errors of a variable nature, and that, provided care is 
taken in rejecting bearings obtained when the amplitude 
is small, the variations in apparent bearing which can 
arise from instrumental causes have a maximum of about 
2° and are probably usually of the order of 1°. The 
results of various tests made with the apparatus show that 
deviations in apparent bearing much in excess of these 
figures are found, deviations up to 10° or 20° being noted 
on distant stations and up to 50° on a station at close 
range. It seems practically certain that these deviations 
arise in propagation and that, in fact, the wave does not 
travel along the great-circle path. It appears that the 
equivalent point of reflection at the ionosphere may be 
as much as 50-100 km. out of the great-circle path. 
Usually the deviations suffered by waves change rapidly 
from instant to instant in such a way that the mean 
bearing is very close to the true one, but occasions are 
not rare on which the mean direction of arrival of the 
waves remains deviated in one direction for several 
minutes on end. 

Waves which have had several reflections at the iono¬ 
sphere appear to be liable to greater deviation, as might 
be expected. This is borne out by direct observations on 
waves known to have suffered two reflections, and by 
observations on certain American stations for which all 
the waves must have suffered multiple reflections at the 
ionosphere. 

There is some indication that so-called “ individual” 
rays are perhaps something in the nature of cones of 
rays. This deduction is based on the fact that, when 
receiving pulses, the traces for the “ individual ” rays 
are quite often slightly elliptical. This can only occur 
if more than one ray is present in each so-called “ ray ” 
and the constituent waves do not arrive along pre¬ 
cisely the same path. The direction indicated will be 
some mean direction, usually within the cone of rays 
except when the rays interfere so as to produce a signal 
of very small amplitude, when the apparent direction 
may lie quite outside the cone, The variations in 
apparent bearing from instant to instant may therefore 
be due, not so much to instantaneous changes in the 


direction of arrival of the rays, but to phase changes 
amongst the components of the ray, giving rise to changes 
in the apparent bearing and degree of ellipticity of the 
trace. It is clear, too, that if this interpretation of the 
results is true, the. whole cone of radiation constituting 
a ray may, and apparently does, suffer deviation from 
the great-circle path. 

The experience gained with the apparatus described in 
this paper has indicated certain directions in which the 
direction-finder might be further improved so as to 
attain a higher degree of precision and certainty in the 
measurement of small amounts of lateral deviation. 
An improved model of the direction-finder is therefore at 
present being designed, with which it is believed that the 
problem of lateral deviation of the ionospheric ray may 
be adequately attacked. 
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DISCUSSION ON 

“ELECTRICITY DEMAND AND PRICE”* 


Mr. E. V. Clark (Australia) ( communicated ): That the 
author is seriously astray in some of his assumptions 
or deductions seems evident from a paragraph on page 

191 (vol. 82), which I quote in full, the italics being my 
own. 

It follows that the monopoly of supply in a necessary 
service forms a very powerful weapon for ill or good. In 
private hands it tends inevitably to abuse unless checked 
by strict external control. In disinterested hands and 
wisely directed it can be an effective instrument of public 
service. For when both necessity and luxury consumption 
are comprised in a single supply, it will often be possible 
to overcharge on the necessity consumption and use the pro¬ 
ceeds so as to undercharge on the luxury consumption ; thus 
developing the latter without materially damaging the 
former. 

For let us apply this principle to something other than 
electricity. Suppose, for example, that a Municipal 
Council should secure an Act of Parliament authorizing 
. the establishment of a municipal bakery and prohibiting 
the local sate of any bread or cake not made therein. 
Bread is typically a necessity. Iced almond cake is 
typically a luxury. If the author’s principle as italicized 
above is to be followed, the municipal bakery will over- 
charge for bread in order that it may undercharge for 
iced almond cake; or, in other words, it will overcharge 
the poor m order that it may undercharge the wealthy! 

If we assume that whilst the demand-price (dp) 
elasticity of bread is low, that of iced almond cake is 
exceptionally high, then it is certainly true that by over¬ 
charging for bread and undercharging for the cake the 
gross revenue of the undertaking will be increased. But 

®“J ly ^ 1S P al P able that to overcharge for a necessity 
such as bread in order that those who want rich cake may 
huy it at a relatively low price is typical of those grave 
abuses of monopolies to which the paragraph cited refers. 

lhm matter hinges upon the word “overcharge” 
w c is the author’s and is not introduced by me If 
the municipal bakery considers that by confining its 
activities to bread only it could sell bread at a price of 
N pence per loaf, but at nothing less, then it is not over¬ 
drawing for bread if it continues to sell at N pence 

* Paper by Mr. D, J. Bolton (see vol. 82, page 185). 


when combining the activities of bread-making and cake¬ 
making. This is possibly what the author means; but 
in that event the use of the word " overcharge ” is mis¬ 
leading. Bread, in these circumstances, is the primary 
object of the undertaking, and cake-making but a side¬ 
line, so that cake is a quasi by-product. No complaint 
can rightly be levelled at an undertaking, however low 
the price at which it sells by-products, provided that the 
price of its main products is not thereby increased, or, in 
other words, as long as it does not overcharge for its main 
products in order that it may sell its by-products more 
cheaply. 

The fundamental fallacy in the author’s argument 
appears to lie in his assumption that, whereas a necessity 
has a d.p. elasticity of a low order, that of a luxury may 
be expected to be more than unity. For surely it is evi¬ 
dent that no commodity—luxury or necessity—can have 
a d.p. elasticity greater than unity unless it so happens 
that the price is in a region of active competition; and 
this may occur whether the commodity belongs to the 
necessity or luxury category, -f 

Electricity for heating and cooking is certainly not a 
. co ™odity with an inherent d.p. elasticity greater than 
unity. It is quite certain that no reduction in price of 
electricity for these purposes would increase the revenue 
from houses which are already all-electric and have no 
other means of heating and cooking. The high d.p. 
e astidty shown by the author’s curves and figures for 
electricity used for these purposes is, as he himself points 
out due to the fact that, with a tariff of about 0-5d. per 
unit, electricity is highly competitive for these purposes. 

• _ f a , m ’ th ' author seems to be entirely astray in suggest¬ 
ing (at the top of page 194) that electricity for lighting 
cleaners, and wireless, _ is a necessity, and for heating and 
g is a luxury, if the economic meaning of these 

Teart 1 S thfr ded - the SXact ™e * -ore 

Ww ™ iless set is unquestionably a 

uxury, and though electricity is a necessity for its use 

does not make electricity so used a necessity in the 
economic sense. Cleaning, illumination, heating, and 

neJessity^ThougMoid i^ne'ceslitv W, C01 Mty is an absolute 
its price is highly competitive with ai?* 17 1 ° ln those P laces where 
rice, and biscuits. P wim Possrble alternatives such as potatoes, 
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cooking, are necessities in the English climate, the last 
two more so than the first two. A vacuum cleaner is 
certainly a luxury, since the necessary minimutn of clean¬ 
ing may be more economically clone without it. Electric 
lighting must also be regarded as a luxury in a private 
house, since nobody installs it for the sake of economy, 
but always for the sake of the convenience, which is such 
that we do not trouble much about the price. 

Thus I should summarize the position by saying that 
electricity for wireless, cleaners, and illumination, comes 
into the category of luxuries; and a high price may well 
be asked, since the luxury value of these is so high that 
people will willingly pay a considerable sum for their 
enjoyment. Electricity for heating and cooking, on the 
other hand, comes rather into the category of necessities, 
since heating and cooking are necessities and other 
ways than electrical are reasonably satisfactory. Sales 
of electricity are therefore almost negligible for these 
purposes unless the price is cut low. With a price low 
enough to make electricity competitive, sales may in¬ 
crease enormously, with a cl.p. elasticity much higher 
than unity, just because heating and cooking are neces¬ 
sities, But for necessities, as for many luxuries, there 
is only a limited market, however low the price; and 
when electric cooking and heating have become as nearly 
universal as electric lighting now is, the d.p. elasticity of 
electricity for these purposes may be expected to be 
lower than that for illumination. 

It is unfortunate that the author has gone so astray in 
this matter of necessities and luxuries; for the paper is 
well worthy of detailed study by all interested in the 
economics of electricity supply. I fully agree with him 
that some complexity of tariffs is essential for any pro¬ 
gressive supply undertaking, and that the day is far 
distant when a flat rate per unit for all purposes will 
become practical politics. However, I do not consider 
that electricity occupies such a unique place in the field of 
economics as is implied in the third paragraph of the 
paper, since the economics of railway transport is closely 
akin; and many useful analogies with electric supply 
rates may be drawn from such varied matters as the 
periodic sales of drapery establishments and the different 
prices of theatre seats. 

Mr. R. B. Rowson ( communicated ): In view of the 
author's remarks in the Summary, one rather hesitates to 
make any comments on Part 1 of the paper. I feel, 
however, that it should have been made clearer that the 
equation for equilibrium under perfect competition repre¬ 
sents an almost impossible position. The various assump¬ 
tions are set out quite clearly in Mrs. Robinson’s book 
and are more than sufficient to show that they are not all 
likely to happen together for any length of time. Of late 
the growth of rings, in which the electrical industry 
abounds, has also ensured that free competition (usually 
called " price cutting ” or “ wasteful competition ”) shall 
not occur. As a consequence, I would suggest that for an 
undertaking to sell at price mq in Fig. 3 is not such a 
serious crime, as it is unlikely that price pn —or, more 
correctly, rt in Fig. A—would obtain in practical affairs. 

Fig. 3 is also rather unfair, as the average cost curve 
has not been shown. As the marginal cost curve is shown 
falling, the average cost curve must lie above it. As a 
consequence the average cost curve must cut curve D 


to the left of p, as shown at r in Fig. A. This, of course, 
reduces the disparity between the price under monopoly 
and that under perfect competition. 

Throughout the paper I think that the author has been 
a little unfair in his criticism of supply engineers. The 
fact that few supply engineers have published papers 
advocating an equating of tariffs with demand schedules 
does not necessarily mean that the subject is overlooked. 
That engineers have long been interested in the subject 
is indicated by the fact that a paper was read by Mr. 
Cowan before the British Association in 1910 (quoted in 
Diblee’s “ The Laws of Supply and Demand ”) advocating 
different prices for different uses owing to the differing 
elasticities which from a priori grounds were thought to 
exist for electricity sold for light, power, and heat. I 
would also mention that the average cost curve over a 
wide range of outputs is not so easy to calculate as is 
inferred by the author, and it thus justifies the number of 
articles which have been written on its calculation. 



Fig. A 

In this section of the paper it would have been helpful 
had the author pointed out that the average revenue 
curve for an individual has considerably more slope than 
that for a community and is likely to reach saturation 
at finite prices. This basic fact would help to explain 
the poor response in units per consumer for decrease in 
price, as indicated by the Hampstead figures. 

In mentioning that monopolies of essential services are 
without the usual economic checks, it is pertinent to 
remember that they are more subject to the force of 
public opinion than, say, the makers of fountain-pens 
or chairs. 

The difficulties referred to by the author on page 193, 
with regard to obtaining statistics of the various uses of 
electricity, disclose an unfortunate state of affairs. This 
is particularly the case as supply undertakings have, since 
1932, been submitting very detailed figures of their sales; 
to obtain which they have, in many cases, had to re¬ 
arrange their record systems completely. In not publish¬ 
ing these figures the Electricity Commissioners are with¬ 
holding information which might be of considerable use 
in tariff-fixing. 

I think that on page 194 the author means that the 
solid curve in Fig. 6 is generally less steep (i.e. dPjd'N is 
less) than the unit-elasticity hyperbola. 
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The curve of total revenue in Fig. 7 is misleading, as it 
gives the impression that it will continue to rise as prices 
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are still further reduced. That this is not so was shown 
by Lardner in 1850, who applied this type of analysis to 




I would suggest that the curves in Fig. 11 are based on 
insufficient evidence, and I would refer the author to a 
contribution by Mr. Helling {Journal I.E.E., 1933, vol. 73, 
p. 135) who put forward reasons for thinking that 
elasticities less than unity prevail. Figures supporting 
this view are also given in the Electrical World (1934, 
vol. 104, p. 778, and 1937, vol. 107, p. i390). As will 
be shown later, the Hampstead results also tend to 
support this view. 

In two recent contributions to the derivation of demand 
curves {Economic Journal, 1937, vol. 47, p. 451, and 
Journal of the Royal Statistical Society, vol. 100, p. 625) it 
was suggested that the most likely possibility was that 
E is constant.. A curve of this type with an elasticity of 
1-5 was mentioned in World Power in September, 1932, 
and another with an elasticity of 2-4 was given'in the 
Electrical World in 1930 (vol. 96, p. 404). A similar curve 
is shown in Fig. C and is compared with Mr. Bolton’s 
Fig. 10. The differences between the curves are so small 
and the scatter of the results in Fig. 10 so great that I 
would suggest that it is impossible to draw any definite 
conclusions on the shape of the elasticitv curve. 



Jr. 

railways. Three important conclusions may be argued 
a prion :— b 

(1) If price is infinitely great, revenue is zero ; 

(2) if price is zero, revenue is zero; and 

(3) costs are usually greatest under condition (2). 

The theoretical curves have, as a consequence, shapes on 
the lines of those shown in Fig. B. The importance of 
research to ascertain the price per unit corresponding to 
points A and B will be realized. 

nf °n £? gS 200 , the author su ggests that a follow-on rate 

Now l 13 mdlcat ® d if the average price P is l-5d. 
Aow the consumption per consumer depends on the 

It a r al pnceI > and for equilibrium I would equal 0 • 5d 
It has recently been shown by Lemer (" Review of 
Economic Studies,” vol. 1, p. 39) that 

p 

E= ~~ 

P~I 

and if P = l-5d. and 1= 0-5d. then E = 1-5 which 
may be compared with approximately 2-4 in Fig. n. 


Fig. C 


. Frora a Poetical point or view Table 2 is most interest¬ 
ing an , at the same time, alarming; interesting because 
it is an attempt to split up the aggregate demand curve 

• ° lts COmponents ' and alarming because of the fall 
m the revenue per consumer. The revenue figures 
calculated from the Table are:_ ° 


Lighting .. 
Heating 


Price per 
unit 

1 Revenue per 
consumer 

d. _ 

d. 

8 

2 944 

3 

1 680 

2 

1 832 

0-6 

1 278 


assessment 
d. ~ 

1 944 
1 929 
254 
528 


STo?fc° WS “ ™ m , istakabl e fall in revenue in three 

that ifnrire 1T™ caIculated - From this it appears 

be faced Wtth ” a c ° ntinue ' the ind astry is likely to 
e faced with a serious difficulty in maintaining its trading 
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balance as soon as a reasonable consumer saturation is 
obtained. 

The investigation in the paper on the Hampstead 
results is unsatisfactory, inasmuch as no attempt has been 
made to separate the increased consumption due to price 
change and that due to other external infLuenpes. As 
regards heating, for instance, the increase from 1928 to 
1931 (during which price was constant) in units per 
assessment is about 150, and the average compound in¬ 
terest rate of growth is about 7 %. If it could be assumed 
that this growth would have persisted throughout the 
period irrespective of fall in price (and no reasons have 
been given to assume otherwise) then the growth due to 
fall in price would have only been approximately 7 % 
and the elasticity less than unity. 

Replotting the lower curve in Fig. 13 on ratio paper 
shows two distinct rates of growth, one from 1920 to 1927 
and the other from 1928 to 1935. During the first period 
the rate of increase was 19*4 % per annum, compared 
with a fall in price of 9 • 43 % per annum, thus indicating 
an elasticity of about 2-06. In the latter period the 
rate of growth in units per assessment was only 7 • 5 % 
whilst the fall in price was 5 • 64 % per annum, indicating 
an elasticity of about 1-3 if growth due to other 
influences is neglected. This is interesting as indicat¬ 
ing a lower overall elasticity for lower prices and may 
be compared with Fig. 11, which shows diametrically 
opposite results. 

The author’s statements with regard to distributing a 
surplus merit further analysis. In tabular form the con- 


ditions are as follows: — 



For E equal to 

1 

3 

Present sales 

.. N x 

.*1 

Present average price 

.. P x 

Pi 

Present revenue 

.. R x 

Ri 

Present costs 

.. G x = 0*91?! 

q = 0-9R 

Proposed new price .. 

.. 0 • 95P X 

0- 8P} 

Expected new sales .. 

.. 1-0 5N X 

1-96MJ 

Expected new revenue 

.. 

R z = 1-57 R 1 

New cost for equilibrium 

.. (7 2 = R 2 

Cq — r 2 


= 1-iq - 1-74(7! 


Thus it will be seen that, if E — 1, to distribute the 10 % 
surplus by a 5 % reduction in average price is quite 
practical, as costs can increase by 10 % for a 5 % in¬ 
crease in units sold. If E is 3, however, and the price 
is reduced 20 %, the undertaking must be able to sell 
96 % more units for an increase in total costs of only 
74 %. If this fact is realized it is felt that there would 
be some hesitation before taking the plunge. 

Another possibility is that the elasticity of 3 would 
not be realized, but, instead, the elasticity might be unity, 
or thereabouts. If this happened, 25 % extra units 
would be sold but costs must not increase by more 
than 10%. As a consequence it is very likely that a 
loss would be sustained. 

Mr. J. A. Sumner {communicated ): I should like to 
commend the author for providing a paper of this nature, 
which is in line with the modern trend of thought as 
regards electricity distribution. Although I do not agree 
that it is practicable to charge for electricity on the basis 
of its value, to a consumer, except in a very arbitrary and 
anomalous manner, I am firmly of the opinion that the 
Vol. 83. 


present unregulated rule-of-thumb methods of charging 
are repressing consumption, and any attempt to consider 
tariffs in a co-ordinated manner is to be welcomed. It 
is quite true, as the author states, that the term " elasti¬ 
city of demand ” has been employed in tariff discussions 
before, and also that no precise definition of this term or 
appraisal of its value has been attempted. In the light 
of the reactions produced from a personal attempt to 
introduce the fringe of this subject as an oral addition 
to a recent paper read before The Institution, I would 
suggest that this is due to the unsatisfactory reception 
which a highly abstract subject of this nature would 
receive in a discussion on a paper read before The 
Institution. 

On the other hand, the value of Mr. Bolton’s paper is 
increased because it is presented at a time when so many 
thoughtful engineers are beginning to inquire how far the 
somewhat abstract science of economics can be used to 
help them to solve the difficult problems associated with 
the modern distribution of electricity. 

The author appreciates fully the great difficulty which 
arises in applying purely economic reasoning, which is 
essentially abstract, unless there is a fairly complete 
appreciation by the reader of the concept of elasti¬ 
city.” This paper is probably the first attempt to apply 
the abstractions of analytical economics to the concrete, 
if insufficient, facts of electricity supply and may thus 
prove to be of historic value. It will undoubtedly be 
criticized, and I feel that many of the conclusions may 
be reached more easily without reference to marginal 
theory, but I think that it should receive some praise for 
being in the van of other papers of a similar nature which 
will undoubtedly give a new impetus to scientific manage¬ 
ment in distribution. 

The first part of the paper sets out the general principles 
governing the science of economics. Whilst I have a very 
real sympathy with, and appreciation of, the purpose of 
the paper, I am at once led to question whether it is 
possible to apply these principles, as has been done in the 
second part of the paper, so as to produce working results 
in terms of costs and charges for electricity. If I may 
quote from Mrs. Joan Robinson’s book “ The Economics 
of Imperfect Competition,” where the various marginal 
and other types of curves used in Mr. Bolton’s paper are 
referred to as ‘‘a box of tools for the analytical econo¬ 
mist ”—she states that “ the area within which these 
tools can work is very narrowly bounded . . . the readei 
who is interested in results immediately applicable to the 
real world has every right to complain that these tools are 
of little use to him.” The danger which I apprehend, 
therefore, is that a process of deduction may be used 
in order to obtain results which are beyond the limit of 
our premises, and I am apprehensive that we may be led 
into adopting a still greater number of tariffs and charges 
(on the basis of a separate cost per consumer) instead of 
attempting to limit the tariffs and charges to the very 
minimum. 

There are, therefore, several points on which I must 
disagree with the author and regarding which I should be 
pleased to have his views. 

The first point of difference is the general implication 
contained in the three paragraphs under the heading 
“Dual Aspects” (page 185). To a great extent my 

8 
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criticism of this section is fundamental to the whole 
paper. The implication is that electricity is a “ special 
case ” of a commodity, and the statement naturally fol¬ 
lows from this implication that “ it seems probable that 
there must always be a variety of electricity tariffs, 
differing in kind as well as in size.” Although it may be 
considered heretical on my part, I fail to see that electri¬ 
city is a special type of commodity. As the author says 
later, “ the price of electricity, like the price of everything 
else, is governed by the twin considerations of supply 
and demand,” and since the price of " everything else ” 
is simple, why should the price of electricity be so 
complicated ? The price of water is probably the 
simplest of all and that of electricity the most compli¬ 
cated, yet there is a remarkable similarity in the condi¬ 
tions governing the production and distribution of water 
and the production and distribution of electricity. 
Admittedly, water can be stored in bulk to meet peak 
requirements, whereas electricity requires coal, boilers, 
and generating plant, instead of a reservoir, to be kept 
available for this purpose, but the capital charges required 
to provide this requirement for water are probably higher 
than for electricity. (On page 206 of his book “ Elec¬ 
trical Engineering Economics ” Mr. Bolton shows that 
for five large towns the capital charges for water supply 
absorbed 57 % of the total receipts, and for electricity 
only 47 %). Is it not true that electricity can only be 
used for two primary purposes—to produce either heat 
or motion? If this is so, why do we find it necessary 
to produce a complicated and anomalous system of tariffs 
and charges such as is used for the sale of no other 
commodity ? 

I am led from this to question the possibility of 
attempting to attach a real value to the marginal utility 
of electricity. It does not seem possible to draw a curve 
of satisfaction to any numerical base, and I do not there¬ 
fore consider that the author is justified in using a 
utility curve in order to arrive at a demand curve. My 
basic objection is that even if one were able in practice to 
measure “ the marginal utility of the last increment that 
is just worth purchasing ” (page 187), the attempt to 
apply this measurement so as to ascertain the charge per 
kWh which should be made to a consumer would result 
in each kWh being charged at a different price. This 
would surely lead away from unification in tariffs and 
charges, instead of assisting unification, which I maintain 
should be the main object of the supply industry. This 
is where I am bold enough to quarrel with the entire 
theory of utility, as used in an economic sense. The 
author, as an economist, is bound to consider the utility 
of electricity in the light of its importance to a consumer 
—I prefer to consider electricity in the light of its useful¬ 
ness to the consumer, and a big gulf is fixed between the 
two views. Logically, and in pursuance of his argument 
in the paper, the author is bound to support the theory 
that we should charge a consumer for electricity on the 
basis of what electricity is worth to him, and, therefore, 
that we must have knowledge of the consumer’s ability 
to pay. The first unit would be charged at a certain 
price (which would be different for each consumer), the 
next unit at a lower price, and so on throughout the 
whole range of each consumer’s consumption. The super¬ 
tax payer would, presumably pay in pounds sterling for 


his first kWh, and the labourer in shillings, whilst the 
value of each incremental kWh for each of the 8 million 
consumers would be determined by Mathematical Com¬ 
missioners who could satisfactorily explain the theory of 
marginal utility to, chiefly, the supertax payers. 

All our difficulties in relation to tariffs are due to the 
fact that we have attempted in a somewhat blind and 
confused manner to apply the theory of marginal utility 
to our methods of charging. When Dr. Hopkinson 
promulgated the theory of the two-part 'tariff, he pre¬ 
sumably had in mind a system of charging based entirely 
upon the cost of production and related to the consumer 
only as regards his maximum demand. To-day we have 
retained the two-part tariff, divorced almost entirely 
from the scientific basis, and have divided it into two 
parts which we call the “ primary charge ” and the “ pro¬ 
motional element.” In progressive undertakings the 
latter charge is quite properly made so low (-|d. or less 
per kWh) that the humblest consumer can afford to use 
electricity. Then comes the unconscious attempt to 
a PPty the marginal-utility theory by imposing a primary 
charge which, directly or indirectly, has some relation to 
the consumer’s income or social standing, or to his 
“ physical possessions,” i.e. to the “ importance ” of 
electricity to the consumer. Surely the better method 
would be to ensure that there should be a price for 
electricity, common to rich and poor alike yet low enough 
to permit the poorest consumer to consume sufficient 
electricity for all purposes; at this common price the 
richer consumers will obviously consume more than the 
poorer consumers, if only because their houses are larger 
and their ability to buy consuming apparatus is greater. 
If the total income at this standard price of, say, -|d. per 
kWh were insufficient to meet the cost of providing supply, 
then a primary charge might be imposed which was of a 
marginal nature and had some relation to the consumer’s 
ability to pa}?- more for his electricity. The best method 
of making this a true “ marginal ” charge would be to 
relate it to his actual payment for electricity during a 
current year. As I have pointed out in Fig. 9 and 
Table 14 of my recent paper,* the average primary charge 
would not be more than 15s. per quarter in 1939-40, and 
would grow less as time proceeded, until a virtual flat 
rate of -|d. per kWh was reached. 

I have one further point in relation to the author’s 
definition of “ elasticity of demand.” I think that his 
explanation of economic principles may lead readers to 
consider that elasticity is necessarily high when prices are 
low, and I note that in my own paper which refers to this 
subject, a similar implication is made. I think that it 
should be stressed that elasticity can be low at low prices 
as well as at high prices. This is clearly explained by 
Marshall, who states: “in general, the elasticity of 
demand is small when the price of a thing is high in 
relation to the means of a class of consumer; and again 
when it is very low; while the elasticity is much greater 
for prices intermediate between the high and low level.” 
The significance of this is only truly seen when we inquire 
what happens to the elasticity curves in the paper at the 
point where they terminate. It requires great caution 
not to read into the unknown future trend of a curve 

* “Modem Factors affecting Electricity Costs and Charges," Journal I.E.E . 
1937, vol. 81, p. 429., 
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the continuation of its past history. The elasticity of 
the national domestic supply (figures for which are 
quoted later) also illustrates this point. 

Turning now to Part II of the paper, several interesting 
points arise. 

Fig. 7.—It is unfortunate that the data available to 
the author do not permit the value of elasticity to be 
determined beyond the terminating point of Id. per kWh. 
Bearing in mind the remarks of Marshall on elasticity 
(quoted above), the tendency of the elasticity curve to 
turn at its termination of l-2d. per kWh may be im¬ 
portant. 

Fig. 8.—I think there is an error in the values shown 
on the ordinate—the point marked 1 • 8d. should, ap¬ 
parently, be marked 1 • fid. 

Figs. 8 to 11.—Is it a correct assumption which the 
author makes (on page 200) that "the variations in 
elasticity are almost entirely due to the consumption 

Table A 

Values of Elasticity at Varying Prices per kWh 
for Combined Supplies for all Undertakings 

(From curves in I.E.E. Journal, vol. 81, page 488, Fig. E) 


Combined lighting, heating, 

Power supplies 

and cooking 



Average price 
per kWh 

Elasticity 

Average price 
per kWh 

Elasticity 

d. 


d. 

0-3 

0*6 ' 

2-12 

1-7 

5-5 

1-78 

1-6 

0-56 

5-0 

2-18 

1-5 

0-79 

4-5 

2-21 

1-4 

1-16 

4-0 

2-32 

1-3 

1-48 

3-5 

2-05 

1-2 

1-98 

3 • 0 

2-38 

1-1 

1-93 

2-5 

2-41 

1-0 

1-77 

2-25 

I • 96 

0-9 

1'76 


0-8 

1-53 



0-7 

2-3 


response of existing consumers rather than to any growth 
in their numbers ”? My reading of this curve gives an 
opposite conclusion. Fig. 11 shows ttat the etashcrty 
for " consumers per head ” increased by 120 ^ e wee 
1 • 8d. and 1 • 6d. per kWh, whilst over the same range the 
the elasticity for " units per consumer ” increased by less 
than 40 %. This would mean that the rate of increase in 
consumers is greater than the rate of increase m con¬ 
sumption and that the average consumption per co - 
sumer was declining—a contention which I maintained m 

X°"m rather puzzled about Fig. 12 and should 
be interested to have the author’s views on the following 

P °( l) tS Is the marginal curve used to represent the marginal 
costs for an individual supplier, or for the supply industry 

(2) The marginal curve shows a condition of multiple 
equilibrium which is not referred to m the paper, and 


not the greater profit obtained at the other point of 
equilibrium than that referred to by the author, i.e. at 
approximately 0-9d. X 110 kWh? 

The difficulty in making deductions from Fig. 12 which 
I foresee, if the curve relates to the industry as a whole, 
is that there is no guarantee that the marginal supply 
curve is similar for any two undertakings. 

Finally I note that the author has analysed the results 
of a single undertaking (Hampstead) because of the diffi¬ 
culty of obtaining marginal price and other data from the 
averaged figures of the results for combined undertakings. 
But the comparison data which are used (page 204) are 
based upon the combined results for all authorized under¬ 
takings. I am of the opinion that conclusions of a more 
useful nature can be obtained by a non-marginal study 
of the averaged national statistics for all undertakings. 

In proof of this I give in Table A the values of elasticity 
which I have calculated from the national curves shown 
in Fig. E on page 488 of vol. 81 of the Journal, from which 
it will be seen that they confirm to a remarkable degree 
the values of elasticity arrived at by Mr. Bolton. 

Mr. D. J. Bolton {in reply): The policy which Mr. 
Clark criticizes has undoubted dangers, but there is one 
great difference between electricity and the commodities 
he mentions. In the former case the two types of con¬ 
sumption occur in the same household, so that there is no 
question of undercharging one section of the community 
at the expense of another. The convenience of electric 
heating, etc., is a potentiality for every single consumer, 
and it is to his advantage that the tariffs be so adjusted 
that he can realize these potentialities. Moreover, the 
terms under-charging and over-charging refer only to the 
immediate costs. If the policy criticized is not pursued 
and lighting energy is priced at its bare cost, the effect wil 
be a large increase in purely fighting connections, and e 
ultimate result may be a higher price all round. 

Regarding Mr. Clark’s further comments, there seems 
to be a confusion between the service and the energy 
which operates it. A wireless receiver is a luxury but, 
once the wireless receiver is decided upon electnci y 
becomes a necessity, since the receiver cannot be operated 
by anything else. Heating is a necessity, but electricity 
for this purpose is a comparative luxury since there are 
several other good ways of satisfying the heating require¬ 
ments. There seems also to be some confusion betwee 
the height of the curve and its slope. Mr. Clark mentions 
the high price of luxury articles, but I am concerned 
not with its actual magnitude but with what happen 
when you change it, and this concerns the shape of the 

curve rather than its height. 

Substantially the difference between us concerns th 
terms rather than the facts. The names luxury and 
« necessity ” are admittedly unfortunate, only I do not 
know of any better ones. Substitute " flat ” and steep 
tr " elastic" and " inelastic ” and the facts wiE^remain 
and are hardly in dispute. If the price (whether high or 
low is not in question) of electricity for wirelessReception 
is greatly reduced the wireless receiver will not be used 
much more than it now is. But a big reduction m the 
heating rate wifi result in a large increase in e s ^ 
In reply to Mr. Rowson regarding Fig. 3, I do no 
agree that average cost rather than marginalcost iRthe 
determining factor, and the authorities Mr. Rowson 
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mentions (e.g. Mrs. Robinson) support me in this. In 
any case, when the marginal curve is as nearly level as it 
is in this figure the difference between the two curves 
is barely noticeable. Fig. A is misleading in this respect. 

I am glad Mr. Rowson has emphasized certain factors 
(such as public opinion) hardly mentioned by me, and 
he is correct in saying that there is a misprint on 
page 194. 

I agree as to the truth of his comment on Fig. 7, but 
not as to its relevance. Revenue is zero at an infinite 
price and at zero price, but this is purely academic and 
gives no clue to the shape of the curve, say, from Jd. 
to fd. A better base scale for Fig. 7 would be a 
logarithmic one with the zero at an infinite distance on 
the right. The revenue curve on such a base would prob¬ 
ably continue to rise—one cannot say without further 
data. The fact that it becomes zero at zero price is a 
mere veductio ad absurdwn and tells us nothing of its 
behaviour over the practicable portion of the curve. 

Referring to his criticism of page 200, we are tal kin g 
about two different things. The equation quoted from 
Lemer is identical with the relationship given at the end 
of my Appendix for the " profits ” basis. But on page 200 
I am not talking about the difference between the incre¬ 
mental and the mean price due to a changing unit rate. 
I am talking about the difference between the unit rate 
and the overall price on a two-part tariff. It is the 
former that is governed by the laws referred to, but 
it is the latter that is given in the Commissioners’ Return. 
The laws operate according to the formula but at a 
different price from that which appears in the Return, 
and it is therefore necessary to view Figs. 8-11 with a 
shift in the base scale. 

In reply to the quotations from economic journals 
(that the most likely possibility is that elasticity is 
constant) one can only ask “Why?” Electrical 
utilization is so varied that a change in the price level 
may well introduce it to a comparatively untouched 
field and entirely change its elasticity. In any case this 
a priori reasoning is very unsatisfactory, and the only 
sound plan is to analyse the actual data. My objection 
to many of the curves Mr. Rowson quotes is that they 
contain too many variables—industrial and domestic, 
units per consumer, and consumers per head of popula¬ 
tion, etc. 

As to Fig. 13, it is true that there is a slight falling-off 
in elasticity in the later years and lower price-levels, 
but I think that Fig. 11 is more typical. The Hamp¬ 
stead curves are complicated by two elements, namely 
the time factor and the fact that in any one area a growth 
in connections means an extension of supplies to smaller 
consumers and hence a tendency to reduce the average 
consumption per connection. When using a target 
diagram of separate undertakings the former element 
does not come in, and the latter element is probably less 

My figures as to distributing a surplus were purely 
random ones, selected.so as to illustrate the relative 
effect of lighting and power reductions (the fighting 
price reduction might equally well have been 10 % or 
even 12 / 0 ). Mr. Rowson has done well to apply exact 
figures and so illustrate the case more precisely. Un¬ 
doubtedly there is a risk in making a big price reduction 


(especially if it is not backed by adequate propaganda), 
but it is a risk which has often proved to be worth taking. 
The converse is, I think, definitely proved by my figures, 
namely that a small reduction (in a high price) is seldom 
worth making. 

Regarding Mr. Sumner’s criticisms of Part I, he refers 
to my theory “ that we should charge a consumer for 
electricity on the basis of what electricity is worth to 
him, and therefore to have knowledge of the consumer’s 
ability to pay.” My theory stops short at the word I 
have italicized, as I think the second half does not follow 
from the first. What the electricity is worth depends 
only upon what it can do and what the alternatives cost: 
it has nothing to do with the consumer’s income. There 
would therefore be no need for the “ Mathematical 
Commissioners,” nor would the supertax payers be 
charged a higher price. My idea is not to make electricity 
so cheap that even a pauper can afford it, but to make it 
cheaper than its competitors for the same service. If 
the pauper cannot buy it we should raise his income, not 
depress the price of electricity. 

Mr. Sumner, in my opinion, entirely misinterprets the 
fixed charge of the all-in tariff, which is not related to the 
user’s income or social standing. A large house has a 
bigger fixed charge not because the owner can afford it 
but because the large house is likely to need more fighting, 
and no other sort of fighting is so good at the price. 
Basing tariffs on utility does not involve assessing in¬ 
comes, nor do I agree that it leads away from unification, 
even though it requires each kWh to be charged for at 
a different price. We already do this under a plain 
all-in tariff, since each successive unit lowers the average 
price. * 

I am glad Mr. Sumner has stressed the fact that there 
is no necessary connection between elasticity and price, 
or between slope and height of the demand curve. My 
paper was evidently not clear on this point (see my reply 
to Mr. Clark). I am also obliged to Mr. Sumner for 
pointing out the missprint in the ordinate marked 1.8 in 
Fig. 8. 

Regarding Part II, I disagree about Fig. 11. The 
elasticity of consumers per head is the difference between 
the two curves, and it only rises from 0-5 to 1*1 whilst 
the other rises from 0 • 3 to 2 • 4. But my conclusions and 
Mr. Sumner's are quite compatible, since they relate to 
different bases. I plotted the elasticity variations for 
different energy prices at a single time point, whereas he 
plotted on a time base and showed that the consumption 
per consumer was declining as the years went on. 

Fig. 12 is for the whole industry and it does, as he says, 
show two possible equilibrium points. Starting with, say! 
100 kWh sold at 2* 2d., one can increase profits either by 
lowering or by increasing prices, and in each case a 
maximum profit point can be reached. I only explored 
the former, as being the practical case; no undertaking is 

likely at this stage to shrink their sales back to a scarcity 
value. J 

My reasons for plotting a single undertaking over a 
period of years are given in the paper. It illuminates 
certain points that the other method misses, but I still 
maintain that the other is generally preferable, and that 
values such as. those Mr. Sunnier quotes from his curves 
are partially vitiated by the change of date. 
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SUMMARY 

Polarized telegraph relays have been, used since the early 
days of the telegraph, but information regarding the design 
has hitherto been limited practically to a discussion of static 
conditions only. 

The paper discusses static and dynamic conditions of 
polarized telegraph relays. From the point of view of per¬ 
formance relays are divided in two classes, viz. those with 
stiff and those with springy tongues. It is shown that a 
satisfactory performance as regards short transit time and 
freedom from chatter can only be obtained with relays of 
the second class. The necessity for damping the motion is 
pointed out. 

In the latter part of the paper a practical design based on 
the theoretical part of the paper is described, and various test 
methods are discussed with regard to this design. 


LIST OF SYMBOLS 

<D = total field produced by permanent 
magnet. 

O lJ <D 2 = field produced by permanent magnet in 
pole-shoes. 

(p^ = field produced by line current. 

B — flux density in armature. 

A 1 — cross-sectional area of armature. 

I — length of armature. 

/ ] = length of armature plus tongue. 

V = magnetic potential across air-gaps. 

A — cross-sectional area of pole-shoes. 

b = breadth of pole-shoes. 

h = depth of pole-shoes and armature. 

w — thickness of armature. 

a = air-gap between armature and pole- 
shoes with armature in neutral posi¬ 
tion. 

x 1 — distance of tip of armature from neutral 
position when armature deflected 
angle 9 0 . 

9 = angular deflection of armature (radians). 

-j z 9q — maximum angular deflection (radians) of 
airmature with stiff tongue. 
jS' 0 , iS, S % , S. 2 — reluctances of air-gaps. 

G, g v < 7 a = conductances of air-gaps. 

= force on armature produced by magnetic 
fields. 

r = torque on armature produced by mag¬ 
netic fields. 

* Abstract of a thesis approved for the Degree of Doctor of Philosophy in 
the University of London. . ., 
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with a view to publication, on papers published in the Journal without being 
read at a meeting. . Communications (except those from abroad) should reach 
the Secretary of The Institution not later than one month after publication of 
the paper to which they relate. 
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LIST OF SYMBOLS— continued. 

F = magnetomotive force produced by cur¬ 
rent in line coils. 

y = variable distance from pivot of armature 
(Fig. 25). 

x — variable distance from face of armature 
(Fig. 25). 

t = time. 

t 0 — transit time of primary relay in line 
circuit of relay considered. 

l t — transit time of relay considered. 

T = time-constant of relay circuit (unless 
where otherwise stated). 

L — self-inductance of relay circuit. 

B — resistance of relay circuit. 

T = torque per unit radian produced by flux 
from permanent magnet. 

T f = torque produced by line field. 

t, = impulsive torque due to impact. 

I = moment of inertia of armature. 



St — duration of impact, 
a = acceleration of armature (unless where 
otherwise stated). 

co a , oj/j, oq — velocities of armature. 

g = coefficient of restitution for tongue and 
contact butt. 

9 n = angular deflection of tongue away from 
contact butt after nth. impact. 

N — number of turns of line coil(s). 
a — density of armature. 
i — current in line coil(s). 
s = sensitivity of relay. 

K torque exerted on armature by springy 
tongue per unit radian of deflection of 
armature from deflections ± $o- 
± 9 a ~ deflection of armature with springy 
tongue due to action of torque pro¬ 
duced by flux from permanent magnet 
alone. 

± 9b — deflection of armature with springy 
tongue' due to action of torque pro¬ 
duced by flux from permanent magnet, 
and field produced by line current. 



INTRODUCTION 

Polarized telegraph relays are used both for the direct 
reception of line signals (line relays) and as secondary 
relays feeding automatic instruments or retransmitting 

n 
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signals to another line. It is generally not considered 
advisable, and in many cases it is not possible, to let 
the primary (line) relay perform these functions. 

The principles, on which the magnetic construction of 
polarized relays is based are not new. One of the 



Fig. 1 


while in the Post Office relay two armatures are carried on 
a common spindle. 

The differential principle has been employed in a modi- 



earliest forms is the Siemens relay, a modification of 
which is the Post Office polarized standard relay shown 
in Figs. 1 and 2. (In Figs. 1-6 the permanent-magnet 
portions of the relays are shown in bold lines to differen¬ 



tiate from the electromagnet portions, and the per¬ 
manent fields are similarly drawn in a heavy dotted line 
tv lereas the line fields are indicated by dotted lines of 
normal thickness.) In these designs the differential 


fied form in such old instruments as the polarized sounder 
(original pattern)* and in the German “ Fliigel Anker " 
(" win ^ armature ”)‘ relay, f both of which were of the 
form shown in Fig. 3. 

Another principle, the bridge principle, Fig. 4 seems to 
have been introduced by Allan and Brown.]; and has 
also been used in relays of more recent date,§ among 
which occurs the modification shown in Fig. 5 || The 
line coil is sometimes placed round the armature so that 
the whoie fine field is carried by the cross-sectional area 
of the armature, but in the old Allan and Brown relay 
the coil moves with the armature, whereas in more 
recent designs this is not so. In one case the line coil 
is placed on the pole-shoes of the electromagnet. All 
these relays except the modification shown in Fig. 6, make 
use of the fields across all the four air-gaps. The con¬ 
figuration of these relays is similar to that of a Wheat¬ 
stone bridge, the armature taking the place of the 

bralch° meter ' and the permanent ma gnet the battery 

In relays based on the differential principle the arma- 
ure carries the whole of the magnetic field of the per¬ 
manent magnet, while the armatures of bridge refays 



principle is employed, the difference between two air 

£ = “ MS 

tie Stamens relay is provided with a singlTa^at 



attraction. Dalance Md whi '* Produces 

;p U ^I“„r Iays are used “ 

+ I 66 n-io 0 of Biography (2). 
t See Bibliography (3) ” ‘ R T , ... 

y ’ ( ) ‘ § Ihd - W and (5). ’ h Ibid _ t {fi)> 
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telegraphy, many factors affecting the design do not seem Now, 
to have been discussed. 

In the following the design of a relay built on the 
differential principle, and intended especially as a secon- Hence 
dary relay, will be discussed. For simplicity’s sake an 
ideal relay is considered, i.e. a relay with no magnetic 
leakage. 

In general, relays may be grouped in two classes, 
viz.:— 


® = <X> t + 0 2 

So 


a 


<&!=<!> 


£>x + $2 


<D- 


0 - !>> 


2a 


<D 2 =» (X»7T— 1 


#1 
S x + So 


3> 


° + (* -s)*! 


2 a 


(1) Relays with ideally stiff tongues. 

(2) Relays with springy tongues. 

Clearly, all tongues are springy as they must deflect a 
certain amount when resting on either contact while at 
the same time under the influence of attraction of the 
field acting on the armature, but in practice many relay 
tongues are so short and the forces produced by the fields 
so small that it becomes natural to include such relays 



in the first group, while relays with very long tongues 
and/or strong permanent fields may be grouped in the 
second class. 


PART I. RELAYS WITH IDEALLY 
STIFF TONGUES* 

(1) General Static Equations 

With reference to Fig. 6 we have: 


Reluctances of air-gaps: 
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* After presentation of this thesis the author has become acquainted with a 
recent work on stiff-tongue relays [see Bibliography (1C)] which to some extent 
covers the same ground as Part I of the present thesis; the conclusions with 
regard to design criteria differ, however. 


The force on the armature with no current in the line 
coil(s), i.e. (pjr = 0, is given by 


dr ^ J“+0-lHH a- 0~liH 


i.e. the force is f proportional to the deflection (asj. 

When current flows in the line coil(s), the line field Oy, 
is superposed upon the fields ^ and <D 2 , and the equation 
for the force becomes 



- <I>£) 2 - 

- «E>! + <*> £ ) 2 } 

= —^~r{ (Of - 

87T.4 1 

-<*>!)- 

2$^ + <D 2 )} 


It should be noted here that it is not strictly correct 
to assume a single value for the line flux across either 
air-gap, owing to the asymmetrical position of the 
armature away from the neutral position. In practice, 
however, the assumption may be considered valid. (For 
the practical design relay to be described later the 
difference between the line field across either air-gap 
is only 0-2 %, even when the deflection of the armature 
is the largest possible.) 

The armature can begin to move* when F m is reduced 
to zero, i.e. when 

a, gl W ga - Pi 

L 2(4> 2 + cj),) 2 

Expressed in terms of <D this becomes 

L 4a V 21/ 1 V 2lJ2a 

The sensitivity of the relay depends upon <$) L , but 
this question will be discussed more fully in a later 
Section. 

The above simple theoiy is based on two assumptions, 
first that the magnetic field between two inclined surfaces 
is the same as that which would exist if the surfaces 
were parallel and separated by an amount equal to 
the mean distance of the former, and, second, that the 
total field, ®, is constant whether the armature be de¬ 
flected or not. These questions are discussed in the 
Appendix. 

* See p. 134 of Bibliography (7). 
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(2) Dynamic Equation 

It was shown above that when the line field is super¬ 
posed on the permanent field the force on the armature is 


F, 


1 


m 


87 tA 


{($1 - O?) - 2®i<D} 


i.e. the force is equal to the difference between the force 
that would act on the armature in the absence of the line 
field and another force which is proportional to <3 >£. 

We shall denote the torque produced by the former by 
Td —it has already been shown that the torque is pro¬ 
portional to the deflection—and that produced by the 
latter force by T { /(i), where f(t) indicates the way in 
which the current, and therefore the torque, varies 
with time. 

For primary relays it is natural to assume a sinusoidal 
wave-shape of the current* as the signals after propaga¬ 
tion along a line of great length are, generally, sinusoidal 
in shape, but for a secondary relay—the type under dis¬ 
cussion—it is natural to assume that 


where T — 


f(t) = (1 - e-tIT) 

self-inductance of second ary relay circuit 
, resistance of secondary relay circuit 



is the time-constant of the circuit which is fed from the 
contacts of the primary relay. 

The variation of the torque with time is shown in 
hig J. During a certain interval the torque is zero due 
to the transit (including rebound) of the tongue of the 
primary relay. This time interval, however, will have 
no effect on the calculations as the variation from for 

tureauH fn Tl not alter the Position of arma¬ 

ture and tongue, it being remembered that the tongue is 
considered ideally stiff.. gue 1S 

It will be convenient to count the time from t - t 
where t % is given by T' 

T 0 O = T f (l - e -|) 

i.e the time at which the two opposing torques eoual 
each other and at which therefore the ™ T ] 
the armature may begin. ’ ^ movement of 

Consequently, the equation of motion becomes 

See p. 137 of Bibliography ( 7 ). 


where' damping as well as any possible interaction 
between 6 and Tj (e.m.f. induced in the circuit of the line 
coil due to the motion of the armature) is neglected. 

The case considered is that of the movement of the 
tongue from the negative to the positive contact, Tj f(t) 
being positive. The product T$, therefore, is respec¬ 
tively negative or positive, according to whether 6 is 
negative or positive. 

The solution of the equation of motion is 

S + W e-h+O^ + O. 

T ^ I(A 2 T 2 - l) 12 


d = 


-A t 



where 
- dr 
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the deflection of the armature (in radians) 
when the tongue rests on the negative 
contact. 

IT 
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Or 




+ 




% 

2T 

T, 

2T 


T{% - T fl n ) 
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T(T t ~ T0 n ) 

2I(A 2 T^TT) 


mfo _ J;A 
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The most important terms are G,e xt and CU-w Tr 
^ practlcad e f amples wo rked out below C> become- 

shfll OTicWvatt? seen ' therefore . tha -t in order that 6 

ttftataetf A^ho^ 1 ! 0 I YalUeS tt is necessary that 
e value of A should be as high as possible. 

In Fig 8 curve A shows the motion of the tongue from 
the negative to the positive contact. 

The different constants used in calculating the curve 
are taken from a practical design of a relay the contact 
pressnre of which is 40 g. for a tongue-Wd of 0 ■ X ^ 
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with no line current flowing, A = 2 570, T = 1 x 10- 3 
sec., Tj = 0*317 x 10 6 dyne-cm. for a final value of the 
current in the line coil of 7 • 5 mA, and the self-inductance 
L — 0 • 7 henrys. 

The relative importance of the different constants is 
best borne out by calculating the curve of motion for 
various values of the more important factors. Curve B, 
therefore, shows the motion of the tongue for the current 
in the line coil doubled; curve C for both current and 
•contact pressure doubled; and curve D for current and 
length of travel doubled but contact pressure per unit 
radian (with no line current flowing) the same as for 
curves A and B. 

Comparison of curves A and B shows that doubling 
the ratio T f /T improves the transit time from 1*4 
to 0*9 millisec. Doubling the contact pressure, i.e. 
multiplying A by \/2 and keeping the current the same 
as in curve B, further improves the transit time to about 
0 • 8 millisec. (curve C). Finally, curve D shows that 
■doubling the length of travel, while at the same time the 
current is doubled, has but little effect on the transit 
time; the velocity, however, with which the tongue 
strikes the positive contact is somewhat higher than for 
curve A. 

For curve E, T has been halved, which increases the 
ratio Tf/T but decreases the value of A. It is seen that 
the transit time practically coincides with that for 
curve A, and no advantage, therefore, seems to be 
obtained from reducing the contact pressure. 

In order not to complicate the calculations the dimen¬ 
sions of the armatui-e have been assumed constant. It 
will be shown later that, actually, in order to obtain the 
utmost efficiency from the relay, the cross-sectional area 
of the armature for a relay of the differential flux type 
should be varied according to the value of the permanent 
flux required to obtain the desired contact pressure. 

(3) Rebound 

At the instant the tongue strikes the positive contact 
screw it will receive an impulsive torque due to the 
impact which will, in general, repel the tongue from the 
contact. 

The impulsive torque, r x St, produced by the impact- 
may be found from the following simple equation 

TjOt — I(t% — C Ofr) 

where co a is the angular velocity of armature and tongue 
when the impact commences, oj- tj is the velocity after the 
impact, and 8 1 is the duration of the blow. 

In order that the tongue shall not leave the contact 
cOh — 0, i.e. 

TjSi — Ioj a 

Unfortunately both t x and 8 1 are unknown, otherwise 
the problem to be investigated would be whether the 
torques produced by the magnetic fields are at least 
equal to r v which is the condition for the above equation 
to be true. 

We are, therefore, not justified in assuming that the 
tongue will remain on the contact but must assume that 
it is repelled. 

We shall make use of the following law: When a 
moving body strikes a fixed body with velocity v, its 


velocity after the impact will be — qv, where q is the 
coefficient of restitution. The value of q must be deter¬ 
mined experimentally. 

Provided the deflections away from the contact screw 
are small it may be safe to assume that the torques 
acting on armature and tongue are constant while the 
rebound takes place. This is not strictly true as T# 
varies with 6 and T t f(t) varies with time. On the 
assumption stated the acceleration of armature and 
tongue is constant. 

The question may now be investigated in the follow¬ 
ing way: 

The angular velocity with which the tongue strikes 
the contact screw at the first impact is oq; after the 
impact it is reversed and reduced to g&q. 

The tongue will now move an angle 0 } away from the 
contact screw, given by 


9 l — qojyt — jC/.t 2 

At the displacement 0 1 the velocity is zero, which 
gives 

goq — oU — 0 


Hence 


a 


The formula for the displacement thus becomes 

o 2 o 2 o 2 

q = ^ 0)1 _ m m 

1 a 2oc 2a 

At each impact the velocity is reduced q times and 
we get, therefore, 

to 2 

displacement after nth impact, 9 n — 

Clearly, as n increases 9 n becomes so small as to be 
neglected and the tongue may be considered at rest. In 
order that the tongue shall not be repelled at all 6 n must 
be vanishingly small even for n — 1. 

It is seen, therefore, that 

(a) a should be as high as possible, provided that 
increasing a m times does not increase aq more 
than y/m times. 

(, b ) q should be as small as possible. 

Very high values of a seem to have been employed by 
Franzke* but, as mentioned in the Introduction, tongues 
of relays having very strong permanent fields are actually 
to be regarded as springy, and, as will be shown later, the 
question of rebound can be most usefully studied for 
springy-tongue relays. 

It has been proposed! to reduce q by setting the 
contacts (generally of platinum) in lead. 

If the current increases very rapidly with time, one 
will not be justified in assuming that the torque acting 
on the armature is constant during the rebound period, 
and in this case the tongue will come to rest sooner than 
it would in the case treated theoretically above. A 
steep wave-front of the current wave may be obtained 
by shunting the series resistance by a condenser; care 
should be taken so to determine the capacitance of the 

* See Bibliography (10). t Ibid., (11). 
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condenser that the possibility of an oscillatory current is 
avoided. 

Practice shows that most relays with stiff tongues 
exhibit the phenomenon of rebound, and since it is usual 
to add the time of rebound to the transit time, both 
being regarded as lost so far as the useful time of contact 
is concerned, it will be understood that the time of transit 
plus the time of rebound may easily amount to several 
milliseconds. 

In the design of a relay tongue shown in Fig. 9 two 
flat springs carrying contact plates press against one 
another, and it is asserted that by this means the kinetic 
energy of tongue and armature is converted into heat by 
the rubbing action of the springs at the impact. 

' This design, which seems to have been introduced in 
America,* is also used in Germanyf and by the British 
Post Office! but, actually, it is only an example of a 
springy tongue. 

(4) Factors Affecting Design 

The performance of a polarized telegraph relay is 
determined by 

(a) Transit-time, 

(b) Operating current, 

(c) Self-inductance. 



Fig. 9 


sensitivity varies with the other properties and with the 
dimensions of the relay. Since, however, it is im¬ 
possible to show how the sensitivity varies with transit 
time, the only alternative is to show how it varies with 
the ratio A = VT/I. 

Rebound should be absent, but this is practically 
unattainable with relays having a stiff tongue. 

A high value of T/I means a high value of the per¬ 
manent field and a small value of the moment of in¬ 
ertia of the armature, but these are two conflicting 
requirements as a high value of the permanent field calls 
for a high value of the cross-sectional area of the arma¬ 
ture, i.e. a high value of I. 

It is a fortunate property of relays built on the 
differential principle, however, that the flux density in 
the major portion of the armature is unaltered by the 
deflections of the armature and by the superposing of 
the line field across the pole-faces of area A as demon¬ 
strated in the Appendix. And, further, that at the pole- 
faces the permanent field divides into two almost equal 
fields each of approximate magnitude (Fig. 10), so 


A DP A A 



Fig. 10 


The transit time should be short. High ratios nf 

^ *° f TJT b ° th 7161(1 thiS result ’ but xt is not pos- 
sible to formulate an equation from which the value of 

the transit time may be found even approximately^ 
If the value of T/I be low the relay may function for a 
smaller minimum current, but for the same transit time 
it may require a current at least equal to that of the 
relay having a high ratio T/I. As far as a practical 
design is concerned, therefore, it should be attempted 
a priori to make the ratio T/I as high as possible. 

cm- ever, the question of sensitivity instead of that 
of operating current will be discussed in the present 
Section because it is possible to demonstrate how the 

* See Bibliography (6). f Ibid (?) n 
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from which is seen that f, varies inversely as M=f V T/I) only if I be the only 


“r the general case where A > A x the flux density 
m the pole-shoes is less than half that in the armature 

tb°' th + e , S t Pe / P ° Sed l 1116 fi6ld iS) in §' eneral - a fraction of 
2 <P, so that if the relay be designed for a certain flux 

density m the major portion of the armature the flux 

densities m the part of the armature which faces the 

pole-shoes, and m the pole-shoes, will be much smaller. 

rofn 3, s: £L22 rt 

a fairIy “ gh value for aie d “ si ‘y 

* ^“Sle-armatere relay (Fig. 6) the torque pro- 
dix“to be permanentfielcl ® is shown (in the Appen- 


- IS-X 1 -5)0-1) 


hence T = — — 
d~ 


— = —$2 L( i _ AVi 
x ift 87 tA a V 21 A 


The moment of inertia of the armature 

I — 'xtlA x o{4JP‘ -j- vA) 
where cr = density of armature. 
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The tongue is assumed to be so light that it does not 
add to the moment of inertia of the armature. This 
assumption, of course, is not a general one; for relays 
with small armatures the assumption is, in most cases, 
not valid. 

The sensitivity depends on the field produced by the 
current in the line coil(s), and in Section ( 1 ) it has been 
shown that the minimum value of the line field for the 
armature to begin to move is given by 


4>i = ®( 


1 _ _YT1 

21/2a, 


i 

10 V 21J A 


where N = number of turns on coil(s). 

i — least current to operate the relay (in 
amperes). 

The sensitivity, s, is inversely proportional to i. 

The self-inductance of the relay under the same 
conditions as those assumed for the sensitivity is 

4-.ttN 2 A 

(5) Interdependence of Salient Properties 

The Siemens and the Post Office relays are both 
representative examples of relays designed on the 
differential principle, and as the former is provided with 
only one armature while the latter has two it will be 
interesting to know the relative merits of the two designs. 
An investigation of this problem has shown that the 
single-armature relay permits of a greater value of T/I, 
all other factors being the same. Partly for this reason 
and partly also because this form has been preferred for 
certain practical reasons, the present paper is confined 
to the discussion of a single-armature relay. 

A, s, and L, are all functions of the dimensions of the 
relay, so that by expressing one as a function of the two 
others we shall expect to obtain an equation which will 
be a useful guide when settling the dimensions of the 
relay. 


We have 


®( X -4)S (Seotion4) 

. As _ BA (i _ A& 

2 l/A ~ A 21/A 


where BA X — <3> 

1 ) 0 - 1 ) 


hence 


2 a!A 

where F — magnetomotive force applied to the magnetic 
circuit when line current flows. 

2aJA — reluctance of the two air-gaps in series. 

The reluctance of the iron is neglected; we shall 
design the relay so that it becomes negligible compared 
with 2aJA. 

Now F = %iN 
10 
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Equating the two expressions for F we get 
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Re-arranging, we obtain 

i=lo 0-lK/f'- 
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and the sensitivity becomes 
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The expression so far only includes T but not 

A = V(T/I). 

The formula for the moment of inertia (Section 4 ) can 
be simplified. Remembering that w«Z we get, approxi¬ 
mately, 

1 

1-12^ = -^ 

Inserting this value in the expression for s we get 


= 10 3 - 


which becomes 
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It is worth remembering that when evolving this 
expression it has been tacitly assumed that no limitations 
were imposed on the magnitudes of B, A, or a. 

The formula shows that no matter what be the values 
of A or a, the sensitivity is constant for given values of 
L and A (the factors x v l, A v a, and b being constant). 
The designer, therefore, may vary the main dimensions 
to suit practical requirements without affecting the 
principal properties of the relay, provided the limitations 
regarding B, as mentioned below, are not exceeded. 
Franzke* states that, by increasing A, L is increased, 
but he apparently has overlooked the fact that for a 
given sensitivity N may be reduced, so that the original 
value of L is retained. 

In practice B may not be varied indiscriminately as 
saturation governs its maximum possible value. 

Reverting to the expression for B, which may . be put 
into the form 


as the square root of the self-inductance. Having 
obtained the minimum operating current for a certain 
relay, it would appear to be more strictly correct, there¬ 
fore, to convert it to a “ specific minimum operating 
current ” by dividing the test result by the square root 
of the contact pressure and multiplying it by the square 
root of the self-inductance. It should be clearly under¬ 
stood that the value so obtained refers only to a definite 
contact distance, which in practice might be 0 • 10 mm. 

It will be noted that the question of the dimensions 
of the permanent magnet has not been touched on at all 
in connection with the influence of dimensions on the 
design. The reason for this is that with the magnetic 
materials now at the disposal of the manufacturer of 
permanent magnets no difficulty exists in meeting the 
requirements of strong magnetic fields, saturation of the 
armature being the only limit in the design. 


/ 

87 rAala 
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it is seen that, for B fixed, A increases with decreasing a 
and A. 

B should, therefore, be fixed at as high a value as 
possible, and A and a should be as small as possible in 
order to obtain a high value of A. 

As the ratios 



and 


l 





appearing in the expressions for s and B respectively do 
not vary very much for different ratios b/l it is further 
seen from the expression for $ that l should be small but, 
m order not to increase the angle of travel, x, should be 
small also. 

Of course, the minimum possible value for l is 6, 
but in practical design ratios of b/l about 0 • 5 or less are 
necessary.. Generally, when working out a practical 
design, it is found that space does not permit increasing 
the value of b/l , the only alternative then being to de¬ 
crease aq, which can be done only by increasing the 
length of the tongue at the same time in order to keep 
the contact travel constant. On the other hand, the 
length of the tongue may then be increased to such an 
extent that, its addition to the moment of inertia is no 

longer negligible and the formulae above cease to be 
true. 


It is seen from the above discussion that the principal 
factors which, may improve the design are a and A. 
Experience will tell the designer how far these dimen¬ 
sions may be reduced. 


t has been suggestedf for polarized telegraph rel 
° introduce a term " specific minimum operat 
cui rent, equal to the minimum operating curr 
divided by the contact pressure. 

From the formula here given for the sensitivity, r 
seen that the minimum operating current varies direc 
as the square root of the contact pressure and invers 

* See p. 33 of Bibliography (10). * See p. 32 of Bibliography (1( 


PART II. RELAYS WITH SPRINGY TONGUES 

(6) General Dynamic Equations 

Whereas for a relay provided with a stiff tongue the 
deflection of the armature is constant for all values of 
Tt/(Z) less than T 6 Q , the problem of the motion of an 



Fig. 11 


u-AUlUUUlO V iUCU 


by the fact that the armature will assume a deflection 
greater than 6 0 even when no current flows through the 
line coil(s) and another, still greater, deflection when line 
current flows, and the velocity of the armature will no 
longer be zero for the deflection equal to 9 0 , i.e. at the 
instant when the tongue leaves either contact screw. 
Indeed, the short transit time which may be obtained 
with a relay with a springy tongue is due to this pro- 
P er j: y - A Furthermore, a suitable choice of the springiness 
■of the tongue makes it possible to avoid rebound almost 
entirely. 

Referring to Fig. 11, let the torque produced by 
the current^ through the line coil(s) be of the form 

) as before. (The time t in Fig. 7 will not 
necessarily be identical with the instant h mentioned in 
Section of the paper.) At time 0 the current 
. gh hne «Ml(s) is suddenly interrupted from its max¬ 

imum negative value (the tongue of the primary relay leaves 
its negative contact screw) and does not start to rise until 
time t 0> when contact is established between the tongue 
of the primary relay and its positive contact screw. 

be T twe ® n tbe limits 0 and 00 bu t not assume 
n . In the latter case the current would not 
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fall from its maximum negative value to zero as it is 
not interrupted, but it would rise aperiodically from its 
ma xim um negative to its maximum positive value on 
account of the secondary current produced by the e.m.f. 
due to the self-inductance of the relay. In order to limit 
the problem to the wave-form of Fig. 11, which is the 
more interesting one because it represents actual con¬ 
ditions in a general form, we shall in the following dis¬ 
cussion, when discussing very small values of t 0 , assume 
that t Q is so great that an interruption of current actually 
takes place, but at the same time so small that it may 
be put equal to 0 in the equations given. The duration 
of a half-cycle of the signal is assumed so long in com¬ 
parison with T that the value of the torque produced 



by the current at the end of each half cycle is equal to 
its maximum value ± T t . Consequent^, from time 0 
the motion of the armature is given by 

- T 6 + K(Q - (- 0 O )) = 0 

or 1^ - T<9 + + 0 O ) = 0 • ■ • • W 


where K is a constant depending on the springiness of 
the tongue. K must always be greater than T in order 
that the tongue shall not bend so much that its motion 
is limited by the pole-shoes. The tongue is assumed to 
be weightless. 

The deflection of the armature under the influence of 
the torque — Tj is given by 


- T0 + K{6 + 6 0 ) = 
6 = 


-T t 

-T, - xe o . 9 

K — T 6 


while the deflection for T f = 0 is 

-e. = - t ( see Fig - 12) - 


At time 0, 6 = — 6 b and dd/dt = 0, and the solution 
of (1) becomes 


e 


K 


K- T 






K — T 


cos yt . . (la) 


where y = sj[(K - T)/l]. This expression represents 
the motion of the armature from time 0 until £ 0 . 

In equation (1) damping is neglected, but it is im¬ 
portant to remember that damping is present; indeed 
the very assumption that the deflection is equal to the 
steady value —6 b at time 0 is based on the fact that the 
oscillations of the armature during the preceding half¬ 
cycle are assumed to have died away by the time the 
current in the line coil(s) is interrupted. It will be shown 
later that, although neglected in the calculations, 
damping is very helpful—so much so that, a relay with 
a springy tongue will not function satisfactorily in the 
absence of damping. 

Equation (la) represents an oscillatory motion of 
amplitude T 9(K — T) superposed on the deflection 
- K6 0 I(K - T). T { S(K - T) will always be so high that 
the tongue will leave the contact screw if the current-less 
interval ( t 0 ) be too long. This will be dealt with later. 
In the following we shall assume that this is not the case. 

At time t 0 the current starts to rise in the line coil(s), 
and the motion of the armature is now given by 


- T 9 + K(6 + 6 0 ) = T £ (l - e J ~w) . (2) 

the solution of which is 


e - jfmsK 1 - r+pp eJ ^) - **•} 


or 


where 


+ y2y2 

-|~ Q x sin y(t — t Q ) + Q% cos y(t — t Q ) 
~ ~ K - T° + K - T'v 1 + y 2 T 2 T ) . 

+ V(Ql + Ql) sin [y(* - *o) + Pi • ( 2a ) 

Qz 


[3 — arc tan 


Q\ 


The constants Q 1 and Q z are easily found when it is 
remembered that from equation (la) we have, at time t 0 , 


9 = - 
dd 


K 


dt y K 


K — T 

T £ 




Tj 


K - T 


cos yt Q 


T 


sin yt 0 


We get 

Tf f . yT \ 

= xvrrb 511 V‘° - 1 + /Sv 

Tf / y 2 T a \ 

$2= ~ K _ T \ cos + 1 ~ i y 2 T 2) 

The torque produced by the line current is now in¬ 
creasing and at some instant, say t-^, the deflection of the 
armature equals -— 6q and is increasing, and the tongue 
therefore leaves the negative contact screw. It is not 
possible to deduce an expression for /q, the only means 
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of determining this instant being to plot the curve of 
motion. 

From time t x tongue and armature move together 
towards the positive contact screw, and the equation of 
motion is now the same as that of an armature with a 
stiff tongue, namely 


dW 


T9 = Tj(l - e-V 2 ) 


(3) 


the solution of which is 
T t /_ A 2 T 2 


+ W 2 e-W-h) 

i m 

where A 


T 

I 


(3a) 


2 IF, 




A 2 t 2 _h 
A 2 T 2 _ f T 


') 


and 


. Tf / 1 y 2 T 2 1 A 2 T 2 \ 

+ A T e T \K - T ' 1 + y 2 T 2 + T ’ ¥ r T 2 - l) 

y 

A' 


+ irVXQi + Oi) cos {y(t x — 1 0 ) -fi /3} 


2Tf 2 _ - B„ + |(l 


A 2 T 2 Jj-to 

X 2 T 2 -I e T 


’) 


h-fq/ 1 y 2 T 2 I A 2 T 2 \ 

XT e T \K - T ' 1 + y 2 T 2 + T ’ A 2 T 2 — lJ 
— jv/«?i + <?i) cos {y(z 1 — t 0 ) -f /?} 

At time t 2 the tongue strikes the positive contact 
screw, the springiness of the tongue comes again into 
play, and the motion of the armature is given by 


d 2 Q 


l d$- Te+ K( ~ 6 - 6 <h = T,(l - e-T") 
the solution of which can be shown to be 


(4) 


the line current of the form T f (l — 2e~p). This is the 
form which the torque of Fig. 11 assumes for t Q — zero. 
Beyerle finds that if 9 0 = 0 there exists—in the absence 
of damping—a lower limit for yT below which the 
armature will cross the neutral axis in a backward 
direction subsequent to its forward crossing of the axis 
under the influence of the torque produced by the current. 
In other words, if 9 0 be infinitesimally small, the tongue 
will rebound if yT is too low. 

A similar investigation of the motion given by equation 
(2a), with t Q and 9 0 both put equal to zero, reveals that 
whatever the value of yT the tongue will always rebound. 
It should be borne in mind that even with t Q put equal 
to zero in the equation, it is still finite but so small that 
it may be neglected so far as the equations of motion are 
concerned. 

The discrepancy between this result and that arrived 
at by Beyerle is due to the fact that different forms for 
the torque produced by the line current are assumed 
in the two cases. 

It will be shown later that requisite damping of the 
motion and a low value of y are essential conditions for 
a satisfactory operation of the relay under practical 
conditions. 

In practice 9 0 is not so small that it can be neglected, 
and it will be interesting, therefore, to discuss equation 
(4a), which gives the complete motion of the armature 
in the absence of damping. 

Equation (4a) shows that the motion has an oscillatory 
component of amplitude y/((? 2 + G 2 ), and that as t 
increases the axis about which the oscillations take place 
tends to the value 9 b - ——— 9 _j_ 

In order that the tongue shall not leave the positive 
contact screw on its own accord after time tf 2 it is neces¬ 
sary that the amplitude of, the two superposed motions 
shall be less than (9 b — 9 0 ). 

As before, let the aperiodically decreasing deflection be 
neglected. In this case 


9 = ——.. ft , T f f 

K-F 0+ TV 


y 2 T 2 t~t a ' 
-„e- 


t~t 0 \ 
8 T J 


where ry = arc tan 


i + y 2 T 2 

+ V(Gf + Gf) sin {y(t - t 2 ) -f r ,'j <4a) 

<?2 


Q, 


~ 


-0 o + *l±M>___ 

0 K — T K 


T, 


T 


Q rj\ 


~ 6 6 - 6 „ 


K - I 


6 rp 


+ ^ 2 A 1 G-t 0 

VT A 2 T 2 — l^iC—T'l-J- y 2 T 2 / yF e T 


g 2 = e 0 


£ A 

K - T 0 


-fi - TF 2 e-X(« 2 -<ij 

y 2y3 


K 


~z(l -f_ 6 - - 

— TV l + y2yi2 6 T 


values of the d’f? I he equatl0ns to ° unwieldy, the 
but even ^ n COnstants have not been inserted, 
but even so the expressions for 9 are very complicated 

and do not give a simple picture of the motion P 

prided w4 ES dlSCUSSed the of an armature 

provided with a springy tongue for the torque due to 

* See Bibliography (12). 


i.e. G 2 alone equals the limiting value of the amplitude 
of the oscillation, so that in order that the tongue shall 
not leave the contact screw G 1 must be relatively small 
and the motion must be sufficiently damped. 

The most important term in the expression for G x is 

^[W x eX^~h) _ W 2 e-W*~h)-]' 

that^hp 031 ^ 011 /? 1 the ab ° Ve ex P ress ion to be small is 
r a ?!T Val ? 2 ~ h) is small, and this will , be the 

at time? ° f the armature is already high 

time t X; (It is true that a high value of A will also reduce 

{ * 2 ~ tl] ’ but a hi ^ h value of the velocity 
N ° Wjthe -locityof the 
armature at time t x is dependent mainly on the velocity 
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of the oscillatory motion of equation (2 a) and is pro¬ 
portional to 

yV(Q\ + Qi) = y K + j + 

= ^n/(* + ftf? 5 ) (for *o = °) 

i.e. for T £ fixed it increases for a decrease in the value 
of K — T. If K — T be low we obtain low values for y 
and for yT. 


With condition (a) fulfilled we obtain, in addition, short 
transit time. 

It is noted that it is the value of y rather than yT with 
which we are now concerned. 

In Fig. 13 is shown the motion of an armature under 
several different conditions. The tongue-travel from 
— 6 0 to d- Qq is indicated by two horizontal chain-dotted 
lines. 

Curves A—D have been computed from equations (2 a)- 
(4a) for the following constants: 



TIME, MILLISECONDS 

Fig. 13 

It should be realized that (£ 2 — £j) is the time taken 
by the tongue to complete its travel, i.e. the transit 
time, and since it is one of the two outstanding require¬ 
ments for secondary relays—the other being rebound¬ 
less performance—that the transit time should be short 
it is seen that by keeping K — T low both these require¬ 
ments are met. 

We may put the argument for a low value of K — T 
in another form: Q ± will be small in comparison with G z 
only if G % be relatively large, i.e. if K — T be small. 

It is seen, therefore, that in order to avoid rebound 
two conditions must be fulfilled, namely 

(a) K — T (and y) must be small, 

(b) damping must be sufficient. 


T = 229 x 10 6 dyne-cm. per radian, 

Tf = 0-317 X 10 6 dyne-cm., 

T = 0-3 x 10 -3 sec., 

A = 2 570, 

d 0 — 0-000925 radian, corresponding to a tongue- 
travel of 0 • 1 mm., 

= 0 . 

Only the value of K has been varied. The variations 
have been such that 

for curve A, —- —1*1, y — 8 130, 
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for curve B, — ^ = 1-5, y = 3 640, 

for curve C, — =2, y = 2 570, 

for curve D, — — ■ =4, y = 1 482 

4 lie transit times (t% — found from the curves are 

For curve A, 0-69 millisec. 

For curve B, 0-37 millisec. 

For curve C, 0 • 265 millisec. 

For curve D, 0-15 millisec. 

It is seen that the armature experiences an increase 
in velocity during the interval (t 2 - t x ) which is greater 
the smaller the initial velocity at time t i.e. the smaller 

T J{K - T). 

As damping is neglected in the equations the arma¬ 
ture must necessarily—as has been mentioned before_ 

cross the line -f- 6 0 a second time in the curves of Fig. 13. 
From the point of view of the amount of damping neces¬ 
sary in order that the tongue shall not leave the positive 
contact screw it will be interesting to compute the ratio 

T t -\- K6 0 

irr m h/n 


V(G\ + Of) 

for the four curves. The result is 


Curve 

Tf + K6 0 . 

K~ T 60 

V(0?+<?|) 

A 

0-319 

B 

0-533 

C 

0-579 

D 

0-629 


It is seen that as the value of y is decreased the above 
ratio increases, and consequently the amount of damping 
required becomes less. 

As the tongue is made stiffer, however, the above ratio 
becomes smaller until the point is reached—and this may 
be the case for curve A—where it is impossible to provide 
the necessary amount of damping; the tongue, therefore, 
will rebound. 

The motion of the armature is damped mainly 
mechanically due to friction at the pivot and internal 
friction due to bending of the springy tongue; this latter 
component is likely to be the more prominent one and 
one which, it,appears, cannot be adjusted in any way. 

It follows from the above discussion that by keeping 
y low the smallest amount of damping, is necessary in 
order to avoid rebound, and the shorter transit time is 
obtained. 

In practice, however, y cannot be reduced indis¬ 
criminately. It must not be reduced so much that with 
the highest values of Tt which may be expected the 


armature will engage with the pole-shoes. Another 
consideration which must not be lost sight of is that for 
very low values of y the superposed 'Oscillatory motion 
of the armature may not have died away at the end of 
a half-cycle because of its long periodic time and large- 
amplitude, and if this be the case it is to be expected 
that the performance of the relay will be irregular as the 
oscillatory motion may possibly affect the instants at 
which the tongue starts to travel from one contact 
screw to the other for signals of short duration—dots— 
whereas this effect will not be noticed on the longer 
signals—dashes. In other words, distortion may be 
produced if y be very low. 

The practical design, therefore, is likely to be a 
compromise. 

The effect of increasing the operating current is 
shown in curve B', which is similar to curve B except, 
that T f is doubled. The transit time is 0 • 205 millisec. 

T t + m o fl 

K — T 

and the ratio -s--— is 0 • 553. 

V(^i + #2) 

For all the examples worked out above t 0 was made- 
equal to zero in the equations. The question of t Q not 
being so small that it can be neglected will now be 
investigated. 

(7) Motion During the Interval 0-if 0 

It was mentioned that the tongue may leave the 
negative contact screw during the interval 0-t o if T t 
and t 0 be sufficiently large. The amplitude of the 
oscillations of the armature may be so high that the 
tongue not only leaves the contact screw but the arma¬ 
ture may even pass the neutral axis of the relay and be 
attracted towards the positive contact screw during the 
current-less interval. 

Let the time interval 0-£ 0 and the amplitude of the 
oscillations of the armature be so large that the armature 
passes the neutral axis before t — t Q . 

Then, at time t a , 6 — — 6 0 and we have, from equa¬ 
tion (la):— 

~ d o = ~ k~T t^o ~ JfZ T cos yt a 

, dQ T f 

H = T sm ^ 

After time t a the only torque acting on the armature 
is that due to the permanent field alone, and the equa¬ 
tion of motion is now given by 

<d 2 0 . 

= ° - - ■ ■ M 

the solution of which is 

9 ^M-^**"** - 

~ 2\A 'K — T ^ y ta ^ • (5a) 

At time % the tongue strikes the positive contact 
screw, and the motion is now given by 
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I-Jp + (K - 1)8 = KB 0 . . . ( 6 ) 

which gives 

e = ^ sin yta - 

+ “(j Hr 0 o )e- x(< i-yjsiny(i - t b ) 

+ (*0 - K ~~^ d o) cos yi* -tb) • • (6a) 

i.e. an oscillatory motion superposed on the deflection 


y 

For curves A and B the value of f . — 

A A 


T f 


T 


sin yt a is 


less than 6 0 , so that some time after leaving the negative 
contact screw the tongue returns, while for curve B' 
the value of T £ is so great that the above product is 
greater than 6 0 and the armature, therefore, continues 
its motion to 6 == 0 and beyond this point until it strikes 
the positive contact screw, from which it will rebound 
unless sufficiently damped. 

The fact that the tongue may chatter on the contact 
screw during the time interval t Q if T £ be not high enough 
is very objectionable not only directly but indirectly 
also, because at the instant when the positive current 
starts to rise in the line coil(s) the deflection of the arma¬ 
ture is not big enough to assist in bringing the tongue 



Fig. 14 


Investigation of these formulae shows that it is pos¬ 
sible for the tongue to complete its travel in the current¬ 
less interval, but the velocity of the armature when the 
tongue leaves the negative contact screw must then be 
so high that after striking the positive contact screw the 
tongue will rebound if the motion be not damped. 

In practice the motion is damped and it will there¬ 
fore be possible to let the tongue perform its functions in 
the current-less interval, provided the value of T £ be so 
chosen that it is sufficient to give the armature the 
motion described above on interrupting the current and 
not so high that, with the particular amount of damping 
at disposal, the tongue will be repelled from the contact 
screw after contact has been established for the first time. 

In Fig. 14 are shown some curves (A, B, and B') which 
have been worked out with the same constants as those 
used for the corresponding curves of Fig. 13, except that 
equations (la), (5a), and (6a) have been used, i.e. within 
the time interval considered the line current has not yet 
started to rise in a positive direction. 

Vol. 83. 


across the contact gap quickly. The result will be that 
the time lost will be longer than the transit time t 0 of 
the primary relay. 

Of course, it would be no serious matter if the value 
of T £ for which the tongue may chatter in the current¬ 
less interval were so small as to be less than the torque 
required for good operation of the relay, but this is not the 
case, for, as seen from Fig. 13, the motion given for in¬ 
stance incurve B (for which the value of Tjused is identical 
with that used for curve B in Fig. 14) is quite satisfactory. 

It is clear that the above-mentioned chatter may be 
avoided if the discontinuities due to the current-less 
interval in the curve of Fig. 11 can be eliminated. 
Fortunately, this may easily be accomplished by shunt¬ 
ing the series resistance and the line coil(s), or the line 
coil(s) alone, with a condenser. The limiting value of 
this condenser for the discharge not to be oscillatory is 


122 i 

4L 2> LG 


or 
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B denotes the total resistance in circuit in. the first case, 
while in the latter case the value of the resistance of the 
line coil(s) alone should be used for R. 

(8) Some Special Forms of the Torque Curve 
(a) Condenser Impulses. 

In addition to being required to operate on line current 
of the form shown in Fig. 11, secondary relays may be 
called upon to operate for condenser impulses. In 
Fig. 19 (IV) (B) is shown the discharge current from a 
condenser through the line coil(s) and a series resistance. 

There should be no difficulty in computing formulae 
for the torques acting on the armature due to a current 
of this kind, but with the knowledge gained from the 
previous discussion this is hardly necessary in order to 
form a picture of the motion. 

The current falls to a very low value at the end of the 
signal, and it is to be expected that at this instant 6 will 
not be widely different from ± 6 a . In the examples 
which have been computed in the previous Sections the 
velocity of the armature was high, mainly because of the 
fact that the motion started at - 6 b , but as 6 a is much 
smaller than 6 b the initial velocity of the armature will 
be correspondingly smaller when the relay is operated 
by condenser impulses. 

The velocity with which the tongue strikes the contact 
screw will be governed, therefore,, mainly by the increase 
in velocity experienced during the interval (t % — t x ). 
For a condenser impulse this increase may be high, 
although, so far as the author’s experience goes, the 
interval (t 2 t x ) (the transit time) for an impulse- 
operated armature is not so short as that for a direct- 
current (Fig. 11) operated armature of a springy-tongue 
relay of a particular design when convenient values of 
impulse and current are chosen in the two instances. 

It would appear that the motion will be an oscillation 
the amplitude of which depends also on the velocity of 
the armature at time t 2 and a motion of a shape similar 
to that of the impulse, both these motions being super¬ 
posed on the steady deflection 6 a . A high value of the 
toique corresponding to the maximum value of the 
impulse, and a high value of 6 a , are both effective in 
avoiding rebound, but it will be realized that if Q a be 
large the impulse need not be so strong, i.e. in this way 
a more sensitive relay is produced and the transit time 

xs improved. A high value of 0 a is obtained by keeping 
y low. r ° 

If the contacts across which the discharge operating 
the relay takes place chatter to any extent, the behaviour 
of the relay is likely to be affected adversely. 

(b) Isolated Signals. 

In some special telegraph circuits the relays are 
required to operate for isolated signals of the same form 
as that of a half-cycle as shown in Fig. 11, but without 
7® sl J nal ln the reverse direction starting immediately 
after the cessation of the preceding signal, i.e. A is of a 
variable duration and possibly not less than that of a 
half-cycle. The tongue is required to occupy one of its 
wo extreme positions during and after each signal until 
it is reversed by the next signal. It is therefore neces- 
sary to prevent the armature being thrown from one side 
to the other at the interruption of the current as shown 


in curve B' of Fig. 14, and it must be arranged that the 
tongue does not chatter as shown in curves A and B of 
Fig. 14. 

The first condition, therefore, is that Tj must be 
so small that the factor of in equation (5a) 

becomes negative. In this case, however, the tongue may 
still chatter on the contact screw on which 1 it is required 
to remain stationary. The only possible solution of this 
problem seems to be to modify the shape of the current- 
wave in such a way that the decrease of the current from 
its maximum value to zero at the end of each signal 
becomes more gradual. 

One method of doing this is to shunt the relay plus 
its series resistance with a condenser. On disconnecting 
the battery in the line circuit the current through the 
relay -will not fall abruptly to zero but will decrease 
gradually according to the equation 

* = V e \(^L ~ jg) Sinh & + cosh ft} 

Here E is the potential across the condenser at time 0, 
r is the resistance of the relay plus its series resistance, R 


r, L 



Fig. 15 


is equal to r plus a retardation resistance in series with 
the condenser; such a resistance may be necessary in 
order to avoid an oscillatory current instead of a slowly 
decreasing one. 




In Fig. 15 the curve corresponding to the expression 
for i is plotted. The values chosen for calibrating the 
curve are: r= 3 000 O, C = 0-3uF, 

B — 5 000 Q. r 


(9) Factors Affecting Design 

_ The sensitivity as a property of the relay was dis¬ 
cussed in Part I only for want of an expression for the 
current required to operate the relay under fixed con¬ 
ditions with regard to the transit time. For a springy- 
tongue relay it is possible to deduce such an expression 
by making an approximation which is, admittedly a 
rough one, namely that the velocity from - 6> 0 to -f 0 Q 

is equal to the maximum velocity of equa¬ 

tion (la). In this case the current required for a given 
performance of the relay is limited to a wave-form 
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similar to that of Fig. 11 , where the decrease from the 
maximum value to zero is sudden. 


T f 

If y— -- be the velocity of the tongue during the 

interval from L to t. 2 we get 

29 0 _2d 0 (K-T) 


Transit time t t — t 2 


T f 




T f 


87 tA 


y K- T 

. 2 <Di<D(Z - 1 b) 


yTf 


from Part I, il — being the arm at which the force 
produced by the line field is acting), 

and from the above 

_ 2d 0 (K - T) • 2<?„y[l(Jf - T)] 

• 1 yh k 

Equating these two expressions for Ti we get 

2<p L<$> ( 1 _b\ = 2d 0 y[l(K - T)] 

8 ttA \ 2/ k 

Now, as in Part I, except that i does not denote the 
minimum operating current but the value of the opera¬ 
ting current which corresponds to T t above, 



knriN 

10 


<= 


knriNA 
20 a 



4 


10 n<xL 

47 tA 




47 riA Il0 9 2al/ 

20a ' 47tA 


i.e. 


Anri A 


10 a 




lrro 9 2aZP 

<E>z 

fl b \ 

' [_ 477 AL _ 

* 8nrrA ^ 

\ 2l) 


k 


Putting K — T — pT and inserting the expressions 
for I and T, we get, after some reductions. 



The above expression for the current required to 
operate the springy-tongue relay in order to obtain a 
certain transit time is very similar in form to that arrived 
at in Part I for the least current to operate the stiff- 
tongue relay. 

With regard to the possibility of defining a “ specific 
minimum operating current," it will be noted that in 
the case of a springy-tongue relay also, account should 
be taken of the self-inductance, but the minimum 
operating current in itself is of small importance com¬ 
pared with the current required for a certain transit time. 


The contact pressure as such is of no importance; for a 
properly designed relay it will generally be higher than 
any normal requirements for stable operation. The 
operating current per unit self-inductance for a given 
transit time and a given tongue travel (contact distance) 
seem to yield a better characteristic of any relay 
under consideration. Unfortunately, the above formula 
is only approximate so that it is not possible to deduce 
the exact operating current for any value of transit time, 
having given the current required to operate the relay 
for a stated value of transit time. 

The formula shows that p should be low. From the 
discussion in Section 8 (a) it was found that 9 it should be 
high, but 



K 

K - T 

l±lg 

P 




i.e. p should be low also from a consideration of this 
point. 

It is worth noticing that the expression for i is inde¬ 
pendent of T, A, and a. Since A x should be as small as 
possible, it is seen from the expression for T, viz. 


T = 


1 Z 2 


87rA 


0 



that for A x small, T will be small also unless A and a be 
small or l be high. In practice it is found that it is 
preferable that T should be fairly high, this no doubt 
being due to the fact that the velocity of the armature in 
the interval — 6 0 to -|- d Q is increased for a high value 
of A, i.e. for a high value of T. 

It seems worth while emphasizing the fact that for 
a springy-tongue relay the operating current for a given 
transit time is independent of the value of T, i.e. inde¬ 
pendent also of the value of the sensitivity as formulated 
for a stiff-tongue relay, and once saturation in the arma¬ 
ture is approached it is, therefore, only possible to reduce 
the operating current for a given transit time by varying 
a few mechanical dimensions. 

The contact pressure for no current through the line 
coil(s) is proportional to T for the stiff tongue relay—it 
is simply given by T 0 o /l v where l x is the length of arma¬ 
ture plus tongue—and it is, therefore, easy to ascertain 
the value of T by a measurement of the contact pressure 
and a knowledge of some simple dimensions. The con¬ 
tact pressure of the springy-tongue relay, on the other 
hand, is not so simply related to T. The torque acting 
on the contact screw for no current through the line 
coil(s) is K(6 a — 9 0 ). 

But 9 ‘ * 
hence m - fl 0 ) = 

As the tongue is made stiffer, i.e. K increased., the torque 
tends to the value T0 O . 

The value of T, therefore, can be found only if an 
armature with a stiff tongue be at disposal for a measure¬ 
ment of the contact pressure. . By repeating the measure- 
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ment with the springy tongue armature it is possible to 
evaluate K. 

The springy tongue will most conveniently be manu¬ 
factured from a piece of flat spring steel or other suitable 
material. For a flat spring of length l d , width w d , and 



Fig. 16 


thickness t d , the force required at one end to produce a 
deflection d with the other end fixed is given by 

_ dw d t%,E' F d 

~d =K ‘ i 

where E is the modulus of elasticity of the material. 


armature is, therefore, (6 a — d^K#, corresponding to a 
torque ( 9 a — d^jll-yK^ This is balanced by the torque 
produced by the permanent field, i.e. 

<0. - Wc d = T0 O = Kifi. ~ £>„) 

hence K = K d ll x 

_ W d t d Ell x 

~ 4Z| 

By adopting the form shown in Fig. 16 several tongues 
of different effective lengths l d and, therefore, different 
values of K can easily be made for experimental purposes 
by variation in the distance from the armature at which 
the 90 degree twist is made. When the tongue is con¬ 
structed in this way Z would be replaced by (Z-, — l d ) in 
the equations above. 

(10) A Practical Design 

In Figs. 17 ( u ) and (b) are shown some details of a 
springy-tongue relay designed according to the principles 
embodied in the present paper. The electromagnet, 
which is of the form of a rectangle with a gap for the 
armature as in Fig. 1, is placed in the horizontal plane. 

When attempting to apply the foregoing theory a 
good deal of experimental work was necessary—indeed, it 
may be said that a very substantial part of the previous 
theoretical discussion is directly inspired by practical 
experience. 

In order that the current required for a given per¬ 
formance shall be as small as possible, Z and A, should 
be small. In the present design A 1 = 0 ■ 6 cm? and 
Z- 2-86 cm. In order to keep aq small the tongue 



the line coiI ( s > the armat,, 
assumes the deflection 0 The distance d becomes eqc 

(V a and the force acting at the end of t 


should not be too short and the length chc 
equai to Z. The free length of the tongue 
fixed until after thorough tests. 


is about 
was not 
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For the configuration of the magnetic circuit shown 
in Fig. 17 leakage plays a rather important part and for 
this reason it was necessary to base the calculation of the 
dimensions of the permanent magnet on a terminal 
conductance which was fairly much in excess of that of 
the air gaps. The dimensions of the permanent magnet 
follow from the design equation quoted in the Appendix. 
For economy in the use of steel the flux density B s is so 
chosen that the product B S H S is a maximum. 

Strictly speaking, leakage along the magnet should 
be taken into account, thus making the cross-sectional 
area of the magnet larger at the mid-section,* but in this 
particular case a fairly uniform cross-sectional area 
offered advantages in manufacture. 

Owing to the large cross-sectional area required for 
the permanent magnet it was convenient to use two simi¬ 
lar magnets in parallel rather than a single larger one. 
By arranging the electromagnet and the permanent 
magnets as shown a slight advantage compared with the 
usual Siemens design is obtained. Whereas half the 
total permanent flux traverses the whole length of the 
electromagnet in the usual design, in the present form 
only the difference between Oj and (IT traverses the 
greater part of the magn etic circuit of the electromagnet. 
Owing to the smaller superposed steady flux density the 
incremental permeability of this part of the magnetic 
circuit is increased and the magnetomotive force neces¬ 
sary to drive the flux through the iron circuit is reduced. 

Only in the pole-shoes is the flux density due to the 
permanent field of some magnitude, each pole-shoe carry¬ 
ing a flux approximately equal to J(I). The magnetic 
alloy selected for the electromagnet should be one the 
incremental permeability of which is sufficiently high at 
the flux density obtaining in the pole-shoes. 

Ultra-high-permeability alloys may be employed for' 
the manufacture of the electromagnet, but for this par¬ 
ticular relay it was found that the decrease in operating 
current which might be expected theoretically from the 
employment of this kind of alloy worked out at only 
about 10 %. Practical tests, moreover, did not show 
that there was any appreciable decrease in the operating 
current. However, owing to the considerations men¬ 
tioned in Section 11 (d) an ultra-high-permeability alloy 
was nevertheless selected for the core. 

Naturally, the alloy selected for the manufacture of 
the armature should be one which allows of a high flux 
density, but the permeability at this value of the flux 
density is unimportant since the total flux through the 
armature is practically constant. 

Both electromagnet and armature are made from 
laminations. 

With a solid armature the transit time was slightly 
longer than that obtained with a laminated armature. 
Definite conclusions with regard to the different 
behaviour of the two kinds of armature could not be 
arrived at by a study of the intervals between the re¬ 
versals of the line current and the times at which the 
tongue left either contact screw, but other evidence 
shows that the effect of using a solid armature is such 
as to flatten the line-flux curve to such an extent that 
this form of armature cannot be used in conjunction 
with low-resistance alloys for the electromagnet stamp- 

* See p. 804 of Bibliography (8). 
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ings unless these latter are made thinner than used in the 
experiments. 

The line windings are split up into two halves, each 
wound on a separate bobbin, and the two bobbins are 
placed on either side of the air-gaps. Owing to the 
permanent magnets being two in number and placed as 
shown, the employment of a single spool placed on the 
yoke connecting the two parallel limbs of the electro¬ 
magnet is possible, but however appealing such a design 
is from the point of view of simplicity and easy removal 
of a defective coil without interfering with the pole- 
shoes, it will be realized that only part of the field pro¬ 
duced by the line current would in that case reach the 
air-gaps, on account of leakage. This alternative was 
tested but it was found that only about two-thirds of 
the line field reached the air-gaps and for this reason 
the double-bobbin design was adopted. 

Pivots are always troublesome and it has been found 
that play in the pivots may affect the performance of 
telegraph relays adversely. It was, consequently, pre¬ 
ferred to connect armature and armature pole-faces 
directly by a thin flat spring acting as a hinge, the free 
length of which it was found necessary to make very 
short. 

In order to test the hinge spring for fatigue, the relay 
was operated continuously day and night for a week by 
alternating current of a frequency of 50, corresponding 
to a total of about 30 million complete cycles of opera¬ 
tion, with the largest possible deflection of the armature, 
and the hinge spring withstood this test successfully. 

The hinge spring is clamped by two pieces of balcelite 
in order to insulate armature with tongue from the rest 
of the relay, and with these bakelite pieces attached the 
hinge spring is inserted between two armature pole-faces 
and secured by screws. The armature pole-faces overlap 
the armature on either side in order to reduce the reluc¬ 
tance at the hinge. 

The main parts of the relay are attached to a casting 
which is mounted on a bakelite base provided with spring 
jacks for electrical connections. 

Bias adjustment is of the conventional type and the 
cover is a brass cylinder provided with a glass top. 

The results obtained with the relay just described will 
be dealt with in the next Section. 

(11) Relay Tests 

(a) Oscillograms. 

The behaviour of telegraph relays can best be studied 
by means of an oscillograph, preferably one with at least 
two loops, permitting the simultaneous recording of line 
current and of the current in the secondary circuit which 
is fed from a battery joined to the contact screws of the 
relay. If the secondary circuit be one containing resis¬ 
tance only, the oscillograph will trace a square-topped 
curve the top and bottom horizontal lines of which corre¬ 
spond to the times during which the tongue is in contact 
with either the positive or the negative contact screw. 

If the transit time be nil and rebound absent, these 
horizontal portions of the oscillogram will be joined 
by vertical traces [Fig. 18(a)], whereas a horizontal 
step on the vertical traces will indicate by its relative 
length the time taken by the tongue in travelling from 
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one contact screw to the other, i.e. the transit time 
[Fig. 18(6)]. Rebound, if present, will be indicated by a 
tooth-form on the curve in Fig. 18(c). 

Iii Figs. 19 (I-VI) are given some oscillograms which 
are representative of the performance of the relay just 
described. The curves of each oscillogram are: (A) the 
current in the secondary circuit, (B) the line current, and 
(C) the current in the secondary circuit when both contact 
screws are connected to the same pole of a battery while 
the tongue, through a resistance and the oscillograph, is 
connected to the other pole as shown in Fig. 20. 

In all the oscillograms the duration of a half-cycle is 
0-010 sec. The contact gap is 0 • 10 mm. 

The self-inductance of the practical design relay was 
1 • 5 H, and in the case of oscillograms I-III and V-VI 
the series resistance in the line circuit was 3 000 ohms. 

The line current (B) in oscillogram I is reversed by a 
perfect telegraph transmitter, i.e. one having practically 
no transit time and being free from rebound. The line 
current rises to a maximum of about 15-16 mA 
(f ■%/•£—19) and the transit time of the tongue, according 



(a) 



(b) 


Fig. 18 



to curve (A), appears to be very slight. There appears 
to be a complete absence of rebound, but a close study of 
the curve will reveal a very minute " tooth ” at each 
reversal, indicating that, actually, the tongue does re¬ 
bound slightly, this no doubt being due to the tongue 
not being weightless, as assumed in the theoretical 
discussion. The significance of curve (C) will be referred 
to in Sub-section (c). 


Fig. 19 II shows the performance of the relay unde 
the same conditions except that the transmitter in th 
primary circuit is a defective one, exhibiting both transi 
time and a considerable amount of chatter. The regu 
larity of curve (A) is seen to have suffered from th 
bad shape of curve (B). An important point may b 
noted when comparing this oscillogram with oscillo 
gram I: Whereas in oscillogram I the travel of th- 
tongue must have started immediately after the reversa 
of the line current, in oscillogram II the initial deflectior 
of the armature has, presumably, not been large enougl 
o make the tongue leave the contact screw directly aftei 
the time of interruption of the current and, consequent^ 
he irregularity of the current wave makes itself felt ir 

e uneven lengths of positive and negative half-cycles 
as delivered by the relay. “ 

In oscillogram III the performance of the defective 


transmitter has been improved by shunting relay plus 
series resistance (3 000 ohms) by a condenser of 0 • 3 /rF. 

Oscillogram IV depicts the performance of the relay 
when operated by condenser impulses. The details of 
the line circuit are: 7 000 ohms, 0-3 (jlF, dr 47 volts. 

•When recording oscillogram V a solid armature was 
substituted for the laminated armature used in the 
previous tests. 

Oscillograms have been taken, but not recorded, of 
the performance of the relay with a transmitter which 
had a definite transit time and which was at the same 
time free from rebound. The transit time of the relay 
was somewhat increased, but otherwise the performance 
was not affected. When transit time on the transmitter 
becomes pronounced it would be advisable to shunt the 
relay circuit by a condenser as done for Fig. 19, III. 

Oscillogram VI shows the performance of the relay 
on alternating current. The r.m.s. value of the current 
was 15-| mA and the relay was fitted with the normal 
laminated armature. 

A striking contrast to the performance of the relay 
which has been described is given in oscillogram VII. 
This shows the performance of a certain manufacture of 
a stiff-tongue relay the magnetic circuit of which is the 
same as shown in Fig. 2; the current is about 15 mA 
(max.) as in most of the previous examples. A perfect 
transmitter was used. An interesting property of this 
relay is borne out by these oscillograms, viz. that a re¬ 
bound occurs at the end of each signal. This seems to be 
of the same nature as the rebound which was theoretically 
predicted in the curves of Fig. 14, although in the present 
instance the line current was reversed without transit 
time. It appears that the tongue must have chattered 
owing to the sudden interruption of current and that the 
armature had not started its proper travel until the 
current reached a certain value. It should be noted that 
a modification of the current wave, for instance by 
shunting the series resistance with a condenser, would 
possibly have reduced the time lost in rebound. The 
performance here shown is perhaps rather worse than 
the average for this type of relay. 

In most of the oscillograms there will be noted a kick 
in the front part of the line-current curve. This is due 
to the back e.m.f. induced in the line coils by the altera¬ 
tion of the permanent field which is caused by the move¬ 
ment of the armature. In oscillogram VII this kick is 
absent on account of the change of the permanent field 
caused by the movement of the armature being small • 
this is due to the fact that both the permanent field 
employed and the travel of the armature (the tongue 
being stiff) are small. 

Another interesting property of the relay used for 
oscillograms I-VI is revealed by the ripple in the line 
current, most clearly borne out by oscillogram V. This 
ripple is caused by the oscillation of the armature about 
the contact screw, and its period of oscillation is equal 
to 1 • 67 millisec., as can readily be computed from the 
curve. In the case of oscillogram V, y equals 3 768, 
corresponding to a frequency of 600 cycles. 

(b) Measurement of Self-Inductance. 

The self-inductance of a relay is very difficult to 
measure by ordinary methods for, whether it be measured 
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ballistically or by a.c. bridge methods, it is likely to vary 
with current and it might be doubtful which value should 
be chosen. If the relay is to work for a current of a 
sinusoidal wave-form an a.c. bridge measurement per¬ 
formed with the value of current in question should 
give the correct answer for that current, but if it is a 
question of assessing the value of the self-inductance 
under working conditions when a current of the form 
shown in Fig. 11 is employed, the value found from an 
a.c. measurement cannot be applied readily. 

One important point has to be noted in connection 
with the measurement of self-inductance of a springy- 
tongue relay with a strong permanent field, i.e. that in 
this case there is a difference between the true and the 
effective self-inductance of the relay (when by effective 
self-inductance is understood that self-inductance which 
corresponds as nearly as possible to the actual shape of 
the current wave-form). The reason for this difference 
is that an e.m.f. is induced in the line coils during the 
motion of the armature, as mentioned above. It is very 



Fig. 20 


difficult to define the true self-inductance of a magnetic 
circuit consisting mainly of iron, but the effective self- 
mductance may be measured and this, fortunately, is 
the quantity with which the user of a relay is more directly 
concerned. J 

A practical method used by Franzke,* which is very 
simple when an oscillogram is available, is to deduce 
the self-inductance from a measurement of the time at 
which the current has reached 0-63 of its maximum 
value. This time, as is well known, is equal to the tim e 
constant T = L/R of the circuit. In carrying out this 
method it is usual to idealize the curve a little (see 
Fig. 21), but the result is, in the author's opinion, the 
best approximation possible for the effective self-induc¬ 
tance under working conditions. 


Whatever method is employed, 
generally, within about 10 % when 
of testing current are employed. 


the results agree, 
appropriate values 


(c) Measurement of Transit Time. 

- 1 . he fr ansit time, i.e. the time taken by the tongr 
m travelling from one contact butt to the other is 
property of fundamental importance and several method 
are available for its measurement. 

is nhf? ° S r f UOgram ° f the current through a resistanc 
is obtained as in Figs. 19 I-VII(A) the transit time i 

represented by a step of zero current and can be^ 

Sdllte 6 ? t3 ? ? eri0d ° f the Signal Wave is lmown - I 

ill be realized, however, from inspection of the oscillo 
grams of Fig. 29 that when the transit time is short- 
* See Bibliography (10). 


and the natural period of oscillation of the loop of the 
oscillograph not very low—an accurate determination 
by this direct method is very difficult. 

Franzke* has used the method illustrated in Figs. 19 
I-VII(C) and explained in Section 1(a) above. In the 
oscillograms the scale has been doubled in most cases 
in comparison with curves (A) and (B); the lacks (from 
negative to zero current) correspond to the time when 
the tongue does not rest on either contact screw, and the ’ 
length of lack relative to the distance between the kicks 
gives the transit time of the relay. 

The corners of the start and finish of the kicks of 
curve (C) are not too well defined, on account of the 
natural period of oscillation of the loop not being in¬ 
finitely low, and a small inaccuracy must therefore be 
contended with. 

A second method which is very widely used for the 



Fig. 21 

determination of the transit time of a relay makes use of 
the same circuit as that used in the above-mentioned 
oscillogram test; the oscillograph, however, is replaced 
by a moving-coil milliammeter. With the tongue at 
rest the full deflection of the meter is noted, and another 
observation of the deflection is taken when the armature 
vibrates under the action of dot signals of known 
frequency. This latter deflection is less than the full 
deflection, and the transit time is given by the duration 
of a half-cycle multiplied by the ratio of the difference 
of the two deflections to the full deflection. 
it test is often referred to as an efficiency test, the 
" efficiency ” being expressed as the percentage of the 
reduced deflection of the full deflection for a given speed 
of working. 

This method is both accurate and simple to perform 
when rebound is absent. It is important, however, to 
use a moving-coil meter, because the deflection of this 
type of meter is proportional to the mean value of the 
current wave; another type of meter, for instance, a 
movmg-iron mstrument which gives deflections pro¬ 
portion to the root of the mean-square value of the 
current wave, cannot be used. 

Simultaneously with the recording of the oscillograms 
of Fig. 19 this method for determining the transit time 
was used and the results obtained are compared with the 
values of transit time computed from oscillograms (C) in 

It will be seen that the transit times deduced from the 
oscillograms are somewhat higher than those given by 

* See Bibliography (10). 
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the moving-coil meter test. The author attributes the 
discrepancy to difficulty in reading the kick of the oscillo¬ 
gram correctly rather than to any fault in the meter 
method, in the case of oscillogram VII the discrepancy is 
clearly due to the long time of rebound. 

The C.C.I.l .* recommends the use of the moving-coil 
meter method for the determination of transit time, but 


detract from the popularity of the method. In extreme 
cases such as that illustrated in Fig. 19, VII, the result 
given by the moving-coil meter test, however, is rather 
less than the total time lost in transit and rebound. 

In Fig. 23 are given the results of the test using the 

Table 1 



adopts the circuit of Fig. 22. In this case the connection 
to the tongue is temporarily interrupted while the deflec¬ 
tion of the meter is adjusted to 100 divisions. With this 
connection restored and the relay fed from dot signals 
of the working frequency (the C.C.I.T. reco mm ends 
alternating current at 25 cycles) a small deflection 
equal to the transit time as a percentage of a half-cycle is 
observed. 


Reference to Fig. 19 

Transit tin 

Moving-coil meter 
test 

ie, millisec. 

Oscillogram test 

Oscillogram I 

0-8 

1-17 

Oscillogram II 

TO 

1-24 

Oscillogram III .. 

1-1 

T39 

Oscillogram IV 

1 • 2 

T3 

Oscillogram V 

TO 

1-67 

Oscillogram VI 

0-95 

1-32 

Oscillogram VII .. 

3-8 

6-0* 


* Transit time alone: 2 • 0 millisec. 


inoter method, on the practical design of relay with cur- 
rents of various strengths through the line coils. The 
cunent was increased by reducing the series resistance 
of the relay, keeping the battery e.m.f. constant. The 
theoretical curve to be expected from Section (9) is shown 



0 5 IO 15 20 25 50 

iVT (mA, Hy) 


Fig. 23 


It will be realized that only in the absence of rebound 
does the meter method give a correct measure of the 
transit time. When rebound is present the result of the 
test will be higher than the transit time and almost equal 
to the time lost in transit plus rebound, but as this time 
interval rather than the transit time alone is of impor¬ 
tance in practice the apparent deficiency in the method 
as regards a determination of the transit time does not 

* See p, 70 of Bibliography (13). 


dotted, this curve having been fitted to a point on the 
front part of the experimental curve. 

It is seen that the latter part of the experimental 
curve does not follow the theoretical curve. The reason 
for this is mainly that for very strong currents the tongue 
bends so much that the armature touches the pole-shoes; 
it was easy to ascertain that this was a reason for non¬ 
conformity with the theoretical curve by connecting a 
meter and a small battery between the insulated tongue 
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and the pole-shoes, a deflection being observed when the 
armature touched the pole-shoes. In the test illustrated 
in the curve for 0-10 mm. tongue travel this occurred 
for i^/L ~ 16-5 (approx.). Another reason for non¬ 
conformity with the theoretical curve is that the latter 
is computed according to an expression which, as pointed 
out, is only approximate. 

The above experiment was performed with a wave¬ 
form similar to that of Fig. 19 I (B) and at a dot frequency 
of 50 cycles. The self-inductance of the relay was 
1 *5 H and the travel of the tongue was O’ 10 mm. and 
0-05 mm. respectively. 

A method in which a condenser is allowed to charge 
slowly through a high resistance for a certain time, the 
charge being measured in order to compute the time 
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interval in question, has been suggested by Reybaud* 
hi connection with tests on telephone relays, but when 
applied (with necessary modification) to the telegraph 
relay described the results were not satisfactory. 

(d) Hysteresis 

Colletf has suggested the following test in connection 
with polarized telegraph relays. 

A circuit is made up consisting of battery, reversing- 
hey, a variable resistance, and the relay under test. 
The relay should be set neutral. From a very low value 
the current is slowly increased until the position of the 
-armature is reversed. The value of the current necessary 
to reverse the armature is noted. 

The current is now decreased and reversed when very 
low. The operations are repeated for the reverse current 
and the current for which the relay operates should be 
almost the same as before. 

- * See Bibliography (14). • See p _ 109 of Bibliography (9). 


Before decreasing the current prior to reversal it is 
increased a certain amount, then decreased to a low value, 
reversed, and slowly increased until the relay operates 
again. The amplitude of the current necessary to operate 
the relay now will be higher than before on account of 
hysteresis in the iron circuit of the electromagnet, due 
to the previous overdose of current in the reverse 
direction. 

By repeating the experiment with increasing amounts 
of overdoses a " hysteresis ” curve for the relay may be 
plotted. 

In Fig. 24 are plotted some results from practical 
tests. Positive and negative currents necessary to re¬ 
verse the armature were measured for various amplitudes 
of current before reversal, but in order to obtain curves 
allowing of comparison relative minimum currents are 
shown in Fig. 24 plotted against the ratio of the 
current applied before reversal to the minimum reversal 
current. One curve shows the results of a test on a 
Post Office type relay (double armature, electromagnet 
cores made of Swedish iron, coils in parallel, self-induc¬ 
tance about 4 H, minimum is/L =3-4); another curve 
is for the practical design evolved according to the 
present paper (coils in series, self-inductance about 6 H, 
minimum iy/L — 6-4) with cores of Stalloy; while the 
third curve is for the same relay with Mumetal cores for 
the electromagnet. 

The hysteresis phenomenon for ratios of current 
applied before reversal to minimum reversal current 
equal to about 13 is represented by increases in the 
minimum operating current of respectively 35, 35, and 12 
per cent approximately. 

Due to the lower hysteresis obtained with Mumetal 
this material was adopted for the practical design of 
relay. 


(e) Distortion. 

It is important that a telegraph relay should repro¬ 
duce the received signals faithfully, i.e. distortion intro¬ 
duced by the relay should be low. 

For the measurement of distortion several instruments 
exist, generally so arranged that at the instant a relay 
makes contact with either of its contact butts a flash of 
light is shown on a scale. If successive contacts are made 
at the correct instants the flashes are superposed on each 
other, but when distortion occurs either in the line in 
front of the relay or in the relay itself the flashes pro¬ 
duced will spread over a band the width of which gives 
a measure of the distortion present. ° 

Lack of neutrality (bias) in a relay will make alternate 
half-cycles of reversals too long and too short respec¬ 
tively, and the instrument will consequently show a 
spread of the flashes, half of which, expressed as a per¬ 
centage of a half-cycle, is the percentage bias distortion 

Now it is generally possible while making a test to 
adjust the relay for neutrality when the transmitted 
signals are reversals, and it is therefore possible to 
eliminate this form of distortion, but, on the other hand 
the flashes may not occur regularly but spread over a 
certam interval which may, or may not, be the same for 
reversals from positive to negative or negative to posi¬ 
tive, depending on peculiarities in the performance of 
the relay. Half the maximum spread of the flashes’ 
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expressed as a percentage of a half-cycle, would then be 
the percentage distortion. 

It is found in practice that when a relay is tested on 
a distortion tester and adjusted for neutrality on a 
certain speed of reversals then, if the speed be varied, 
bias distortion ensues. This is contrary to the state¬ 
ments of Jipp.* For this reason, when measuring the 
distortion of the relay account must .be taken of the bias 
distortion as this, of course, makes itself felt when mixed 
signals rather than reversals are transmitted. 

In order to make a complete distortion test it is pre¬ 
ferable, therefore, to make the observation of distortion 
while mixed signals are being transmitted. With 
Wheatstone signals the ratio of length of dot, letter- 
space, dash, and word-space signals, are as 1 : 3 : 3 : 7, 
and signals containing this combination would therefore 
be used in a distortion test. 

The result of a distortion test carried out as above on 
the practical design relay with 0-1 mm. tongue travel is 
shown in Table 2. 


Table 2 

Final value of current, 
mA 

Total distortion 

120 w.p.m. 

(100 bauds) 

60 w.p.m. 

(60 bauds) 

11 [WL = 13-5) .. 

approx. 4 % 

approx. 4 % 

15 {is/L =18-4) .. 

approx. TJ % 

approx. 2 % 


The result, it will be noted, is practically the same 
for both speeds. The results were practically identical 
with Stalloy and Mumetal cores. 

When performing the above test the observation on 
the oscillogram that one minute rebound takes place at 
each reversal was confirmed. The time interval between 
the initial and the final contact was not more than 
0 • 2 millisec. 

It will be realized that for relays which exhibit the 
phenomenon of rebound to a marked degree, as in 
oscillogram VII of Fig. 19, the accurate determination 
of distortion will be almost impossible on account of the 
large number of flashes, spreading over a large interval, 
which occur at each reversal. 

CONCLUSION 

It has been shown in the present paper that a satis¬ 
factory performance for a polarized telegraph relay, 
mainly as regards short transit time and, practically, 
freedom from chatter, can be obtained only by making 
the tongue springy. If the wave-form of the operating 
current is irregular this defect should be remedied by 
smoothing it, for example by means of a condenser shunt. 
The formulae obtained indicate the relative importance 
of the salient properties, but it has not been possible to 
take account of the effect of damping when evolving 
the theoretical expressions which have, moreover, been 
confined to an ideal relay, i.e. one without magnetic 
leakage. Damping, it was shown, must be sufficient 

* See p. 226‘of Bibliography (15). 


but the experimental part of the paper has indicated 
that it is possible in practice to damp the motion 
sufficiently, 

Only with a relay with this type of tongue is it possible 
to obtain an approximate theoretical expression for 
the current required for a certain transit time while 
at the same time the performance is practically free from 
chatter, and experiment has proved that the theoretical 
interdependence of transit time and current agrees fairly 
well with the experimental results. 

The maximum transit time allowed by the C.C.I.T.* 
for polarized relays when determining the minimum 
operating current is. 5 millisec. and it is recommended 
that the time lost in rebound should not exceed I millisec. 
for a transmitting relay and 2 millisec. for a relay used 
for reception. The total time lost in transit time plus 
rebound is about 1 millisec. for the practical design of 
relay evolved according to the present paper for values 
of i\/L which would be used in practice. 

The results obtained for distortion are 2 %-4 % 
under practical working conditions, whereas the C.C.I.T.f 
allows 5 % when determining the minimum working 
current for the relay when operated by alternating 
current at a frequency of 25 cycles. The conditions 
stipulated by the C.C.I.T. are perhaps less severe than 
those under which the practical design of relay was 
tested. It has not been possible to predict theoretically 
the conditions for minimum distortion. 

The magnetic circuit employed in conjunction with 
the use of a special ultra-permeability alloy for the elec¬ 
tromagnet has made it possible to obtain a very low 
hysteresis effect. 

The C.C.I.T. has recommended} that the electrical 
characteristics of a polarized telegraph relay should be 
(a) the d.c. resistance, ( b ) the effective resistance and 
reactance at 25 cycles for a specified current, and (c) the 
number of turns of the windings. 

The user of a telegraph relay is not interested in the 
number of turns which the manufacturer has found to 
suit a particular relay, and the actual number of turns 
may vary enormously according to the dimensions of 
the air-gaps at the pole-shoes and the cross-sectional area 
of the latter without affecting the self-inductance (Part I, 
Section 5). The self-inductance of the relay, on the 
other hand, is of importance as it governs the shape and 
amplitude of the current wave and considerations of 
sparking at the contacts of any primary relay employed, 
and this property, therefore, rather than the number of 
turns, ought to be specified. 

It is quite common to find the sensitivity of a relay 
specified by the minimum number of ampere-turns, but 
an example will illustrate how erroneous conclusions 
will be obtained by this method. In the case of the two 
relays used for the test of Fig. 24 the P.O. type relay 
operates for a value of iy/L^ of 3'4, whereas for the 
practical design relay the value is 6*4, indicating that 
the former relay is the more sensitive of the two. (T his 
is not a comparison of the relative merits of the two 
relays, as the question of transit time is not con¬ 
sidered.) However, the corresponding numbers of 
ampere-turns are respectively 16-3 and 10-4, which 


* See pp. 72 and 73 of Bibliography (18). 
$ See p. 73 of Bibliography (13). 


t Ibid. 

§ In. milliamperes and henrys. 
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would lead to exactly the opposite conclusion. Since it 
is possible for a springy-tongue relay to specify the 
current required for a given transit time and a given 
self-inductance (tongue travel fixed), this would give a 
better characteristic of any such relay, and by combining 
current and self-inductance in the expression iffiL direct 
comparison between different relays could readily be 
made. 

Once the dimensions of a relay have been fixed, so 
that short transit time and practically chatterless per¬ 
formance are obtained, it will not be possible to alter the 
dimensions without detrimental effect upon the per¬ 
formance. It appears to be futile, therefore, to intro¬ 
duce adjustments for increasing the sensitivity by 
decreasing the permanent flux, as by such means the 
forces acting on the armature are, in general, reduced to 
such an extent that considerable chatter ensues. 

To judge from many patent specifications and manu¬ 
facturers’ booklets, it seems to be a general belief that 
if the magnetic circuit of the electromagnet part of a 
relay be designed for low hysteresis a quick response and 
short transit time will be obtained. ' It is hoped that it 
is clear from the present paper that the mechanical design 
of the tongue, rather than the efficiency of the magnetic 
circuit, is instrumental in obtaining the desired perform¬ 
ance from the relay. 
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APPENDIX 

Reluctance Between Inclined Surfaces, and Con¬ 
stancy of Flux 

The first assumption referred to at the end of Sec¬ 
tion (1) is clearly a question of the magnetic conductance 
between two inclined surfaces. 

With reference to Fig. 25 ft is seen that 



hdy 


hdy 
a — x 



Put l = b, which will simplify the calculations. 
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= y tan d 0 ; x 1 = b tan 6 0 
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The approximate formula used is (for l 
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In a similar way it may be shown that 
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and the approximate formula becomes 

J_ = &V - % 4. ii \ 
aSj_ • a v 2a 4a 2 ’ ’ */ 

For the case of a relay of the type under discussion 
jCj/a may lie in the neighbourhood of 0 • 05, and the error 
introduced by the use of the approximate formulae, 
therefore, will be insignificant. 

The constancy of the field depends on the constancy 
of the total reluctance of the magnetic circuit exterior to 
the magnet. If S 0 be the reluctance at the hinge of the 
armature, the total reluctance will equal S 0 -f S, where 
N is given by 



The value given by the approximate formulae is 



As S 0 cannot in practice be made smaller than S it will 
be seen that a variation in S will mean less than half the 
variation in S 0 -j- S when expressed as a percentage of 
the latter quantity. From the figures given it will be 
seen that the variation in S 0 -j- S caused by the deflection 
of the armature will be less than 1 %. 

Now, the “ design equation "* for a permanent magnet, 
neglecting leakage, is 

A,? _ 

H s ~ 

where B s — flux density, 

H s = magnetizing force per cm. length of steel, 
L s = length of magnet, 

A s = cross-sectional area of magnet, 

G = conductance of external magnetic circuit. 


B s , of the magnet. In general the magnet will, for 
reasons of economy in the use of steel, be so designed 
that the working point is about B s = 6 000 for the par¬ 
ticular steel (35 % cobalt) for which the curve is drawn, 
and to this, unfortunately, corresponds a high value of 
the slope of the B s — B s /H s curve. It has been shown 
above that the variation of G is very small, but if, in a 
particular case, this does not hold and it is important 
to keep the total field constant, a flux density nearer 
the maximum value might be chosen. 

In an experiment on the practical design of relay 
where the armature was deflected corresponding to a 
contact gap as large as 0-80 mm.—0-10 mm. being 
standard—a variation of 4 % in <J> was measured. 



aooooo 
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Fig. 26 


From the B s — B s fH s curve of Fig. 26 it may also be 
inferred that the flux may not be considered proportional 
to a constant “ equivalent magnetomotive force '* for 
the permanent magnet, as some writers have done.* 

For this, reason the discussion has been conducted 
throughout in terms of fluxes only. Although the former 
line of attack may yield results consistent with the 
results above so long as G may be considered constant, 
it fails when attempts are made to demonstrate how 
certain properties of a relay vary with G. 


From the above G =-. 

S Q S 

From the " design equation ” it is seen that, for L s 
and A s fixed, B s jli s must vary in the same manner as 
G. In Fig. 26 is shown a curve for the relationship 
between B s and B s jH s and it is seen that since the curve 
is not a straight line the variation in B s caused by a 
variation of B s /H s (which would equal the variation of 
G) depends upon the working point, i.e. the flux density 

* See p. 799 of Bibliography (8). 


Proportionality of Torque with Deflection 

It was shown in Section (1) that the force exerted by 
the magnetic fields on the armature is proportional to the 
deflection of the latter, but it remains to be demonstrated 
that the torque varies in a like manner. This implies 
that the force may be considered to act at a point removed 
a fixed distance from the pivot of the armature. 

As G may be considered independent of the deflection 
of the armature, and as the total flux is constant, as shown 

* See p. 1G3 of Bibliography (9) (paper by J. D. Tours and E. H. B. Bartelink 
on polarized relays). 
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above the magnetic potential, F, across either air-gap is 
also constant. 

Treated in this way we have (for l = b ):—* 
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Referring to Fig. 25, we have (l = 6 ) 
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which becomes 

r __ F 2 A _ 1 [ 

8 tt tan 2 6,\a 


-iTun g„ + log {a - 6 tan 9 o) 

S + '/tan <?„ ~ l0g (a + 6 tan 9 o> 


m te., 

T = ~isr • 3? < a pp rox ) 


Hence, 


_ _£_ \ 

R™. 3 ’ 


i.e. the force may be considered to be concentrated at a. 
point removed two-thirds of the pole-shoe breadth from 
the innermost edge of the pole-shoe. 

For l > b the formula for the torque becomes 


a-M‘-*)(■-&• 


Practical tests, Figs. 27 and 28, confirm that the 
torque varies directly as <D 2 and directly as an, but the 
actual figures obtained differ considerably from the 
theoretical values, and the value of r, therefore, is more 
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Fig. 28 

of academic than of practical interest. The determina¬ 
tion of <D was made by winding a search coil on the arma¬ 
ture just inside the innermost edges of the pole-shoes* 
but since it is not possible to make such a search coil 
infinitely short the field measured will include some of 
the leakage flux, and will, therefore, be in excess of the- 
actual value of 0. The discrepancy between theory an d 
practice, therefore, may be attributed to unavoidable,- 
leakage-fields. 
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White, Herbert Ernest. 


Student to Associate Member 
Kendall, Peter John O. 

The following transfers were also effected by the 
Council at their meeting held on the 28th April, 1938:_ 

Student to Graduate 


Alexander, Nellumatil 
Thomas, B.A. 

Balkrishnan, Narayan. 

Biggs, John Norris. 

Blackburn, Eric Albert. 

Blackett, Cedric James R. 

Chatterjee, Amiya Kumar. 

Curtis, Donald Cuthbert. 

Dastur, Naval Jamshedji. 

Deshpande, Murlidhar 
Vinayak. 

Dotivala, Hormuz Dada- 
bhai. 

Downey, James Arthur. 

Fell, Philip, James. 

Gej j i, Ramchandra Krishna. 

Gibson, John George. 

Homersham, Brian Ryder 
McC. 

Hood, Charles, B.Sc.Tech. 

Houldin, Joseph Eric, 
B.Eng. 

Hussain, Lewis Emmanuel. 

Jackson, George Stanley, 
B.Sc.Tech. 

Jangalwala, Dara Din- 
shawji. 

Karve, Keshav Raghunath. 

Kerr, Harold Leslie, B.Sc. 
Tech. 

Khanna, Chaman Lai. 

Krishnaswamy, Vippodu, 
B.A., B.Sc.(Eng.). 

Lane, Geoffrey Meredith, 
B.Sc. 

Lodge, Ernest Charles. 

Mahajan, Narayan Bal- 
want. 


Melville, Denis Hill. 
Morgan, Hugh Gabriel B. 
Morgan, Wilfred Francis R. 
Munton, Richard Douglas. 
Pattison, John Charles. 
Pereira, Charles Anthony F. 
Ramanathan, P., B.A. 
Rane, Kumar Shridhar. 
Reed, Anthony, B.Sc. 
Russell, Ernest Sidney. 
Sanharan, Venkitaram. 
Seervai, Homi Pirojshaw. 
Sivasamban, Palayavalam 
Sivaraxamier. 

Soman, Narayan Shridhar. 
Spens, Andrew Nathaniel 
H. 

Splane, Edgar Charles. 
Sreenivasamurthy, B. N. 
Srinivasan, K., B.A. 
Srinivasan, Kazhiur, B.A. 
Sukhadia, Pratapchandra 
Uttamram. 

Thomas, Ambrose Bram- 
well. 

Toma, Robert. 

Treasurer, Vinaykant Dhi- 
rajlal. 

Veith, Franz Sigmund. 
Vohra, Satya Pal. 

Wagle, Moreshwar Mang- 
esh. 

West, Kenneth. 

Whitwam, Maurice Gren¬ 
ville, B.Sc.(Eng.). 
Williams, John Alan, 
B.Eng. 

Wooster, Clement Bruce. 
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I N order to give some indication of the scope and extent of the 
Research Work undertaken at Renfrew it is proposed to 
publish a series of illustrations of which these are first 
examples. ' 

They illustrate the explorative fatigue testing of Babcock 
Class I Fusion Welded drums for high pressures under stress 
reversals ranging from zero to 1,100 Ibs./sq. in. applied in 
cycles of six reversals per minute. 

The top picture shows details of the equipment used for 
obtaining micrometer measurements of distortion under stress. 
The two bottom pictures show three drums of different plate 
thickness undergoing fatigue tests, together with the hydraulic 
gear used for testing. The centre illustrates a section of the 
Mechanical Laboratory engaged on detailed testing incidental to 
this work. 

This Research Test is representative of one of the many links 
of the chain which Babcock & Wilcox have forged to combine 
high efficiency with reliability in service. 


BABCOCK HOUSE, FARRINGDON ST., 
LONDON, E.C.4. 


(RESEARCH ADVERTISEMENT No. I) 

The importance which Babcock & Wilcox Limited attach to the value 
of Research Work is expressed in the extent and equipment of their 
Laboratories at Renfrew. 

The progress in steam generation demands continuous investigation 
into the physical and mechanical properties of materials combined 
with exploratory Research Work on new methods and conception. 

THE BABCOCK RENFREW LABORATORIES ARE FULLY EQUIPPED FOR THIS WORK. 
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Write for New Pub., Ref- S ™ 2 _ 

fans and facts 


Standard of the World : The 
range of “Sirocco” Fans includes 
Cased Fans (fitted with various 
classes of fan wheels), Reversible 
Propeller Fans, and Axial Flow 
Screw Fans. . 


Davidson & Co. Ltd., Sirocco Engineering Works, Belfast 


LONDON 


MANCHESTER 


GLASGOW 


BIRMINGHAM 


NEWCASTLE 


BRISTOL 


DUBLIN 
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Copyright 
Colonel Sir 
Thomas F. Purves 
Exclusive Licensees 
Members of the C.fA.A. 


IMPORTANT 

NOTICE 


The Cable Makers Association 
announce that the 

METROPOLITAN ELECTRIC 
CABLE & CONSTRUCTION Co Ltd 

is a Member of the Association 

The firm will from now onwards supply cables 
made and tested in accordance with the 
Standards and Formulae of the Cable Makers 
Association, under the trade marks and names 
held by the Association. 

C. M. A. 

Regd. Trade Mark Nos. 422219-20-21 

NONAZO 


Regd. Trade Mark No. 45SS65 


MEMBERS OF THE C.M.A. 


The Anchor Cable Co. Ltd. 
British Insulated Cables Ltd. 
Callender's Cable & Con¬ 
struction Co. Ltd, 

The Craigpark Electric Cable 
Co. Ltd. 

Crompton Parkinson Ltd. 

(Derby Cables Ltd.) 
Edison Swan Cables Ltd. 

The Enfield Cable Works Ltd. 
Greenqate & Irwell Rubber 
Co. Ltd. 


W. T. Glover & Co. Ltd. 

W, T. Henley's Telegraph 
Works Co. Ltd. 

The India Rubber, Gutta- 
Percha & Telegraph Works 
Co. Ltd. (The Silvertown Co.) 
Johnson & Phillips Ltd. 
Liverpool Electric Cable Co. 
Ltd. 

The London Electric Wire Co. 

and Smiths Ltd. 

The Macintosh Cable Co. Ltd. 


The Metropolitan Electric 
Cable & Construction Co. Ltd. 
Pirelli-General Cable Works 
Ltd. (General ElectricCo. Ltd.) 
St. Helens Cable & Rubber 
Co. Ltd. 

Siemens Brothers & Co. Ltd. 
(Siemens Electric Lamps & 
Supplies Ltd.) 

Standard Telephones & 
Cables Ltd 
Union Cable Co. Ltd. 


Advt. of the Cable Makers Association, High Holborn House, 52-54, High Holborn, London, W.C.l. 


Telephone Holborn: 7633 
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BRITISH INSULATED 

Tel. No. Prescot 6571 


CABLES LTD.. PRESCOT. LANCS 


London Office, Surrey House. Embankment, W.C. 2 




.METERS 


The B.I. Type H.B. 
Meter is similar in 
characteristics to the 
Type H. and contains 
the same elements en¬ 
closed in an insulating 
case. To ensure rigidity, 
the element is mounted 
on a reinforced pressed 
steel chassis. 

Available in the follow¬ 
ing rated sizes:— 2\ t 5, 
10, 20, 25, 40 and 50 
amperes. 


The B.I. Type H.B. Meter is 
approved by the Electricity 
Commissioners. 
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More than 100,000 kVA of Dubilier 
condensers are giving reliable and 
trouble-free service to nearly 5,000 users 


° n , e l our condensers is saving the owner of a large industrial plant £976 per annum. The cost of our condenser 
to do this—his capital expenditure”—was £69 3. 


The annual consumption was 3 , 550.370 units at . 55 pence per unit. This was subject to a 1 per cent, discount for 
each 1 per cent. kVA load factor up to a maximum of 50 per cent. His annual account was £5,695 7s. od., but now 
his discount has been increased from 30 per cent, to 42 per cent. This means a saving to him of £976 a year— 
or 140 per cent, on his capital. y 


-w- 


TTTT 


DUBILIER CONDENSER CO. (192 5) LTD., D U C O N WORKS, VICTORIA ROAD, NORTH ACTON, W. 3. 

C. R. Casson P.F.S. 
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BB.000 volt OUTDOOR SUBSTATION 
at SINGARAPPET, Government MADRAS 
METTUR -Hydro -Electric Development, 
Showing AIR BREAK SWITCHING EQUIPMENT 
and TRANSFORMERS 




9 G.E.C. outdoor switching 
equipment is employed exten¬ 
sively in this and other schemes 


for the Government of Madras. 


The illustration shows one of 


several substations which have 
been equipped with G.E.C. out- 


TRANSFORMERS 


ISOLATORS 


door gear. PROTECTIVE DEVICES 


ETC., ETC. 
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Repeat orders from such large under¬ 
takings as the Post Office, Railways 
and the Central Electricity Board 
prove beyond doubt that the 
Westinghouse Metal Rectifier gives 
highly reliable, efficient and lasting 
service. Use it yourself and save 
money on both running costs and 
maintenance. 



Write for booklet D.P. 11 E /I.E.E. 


METAL 


WESTINGHOUSE BRAKE & SIGNALCO., LTD., 82, York 


RECTIFIER 

Way, King’s Cross, London, N.l 







a ve 


ACCURACY 

WHEREVER HE GOES 


BRITISH MADE 

16 Gns. Model 7 
Resistance Range 
Extension Unit (for 
measurements down 
to l/100th ohm)12/6 
Also The 36 -range 
Universal AvoMeter 
13 Gns. 

The 22-range D.C. 

AvoMeter 9 Gns. 

Leather Carrying 
Case .. .. 25/— 

DEFERRED TERMS 
IF DESIRED 

Sole Proprietors and Manufacturers :— 

THE AUTOMATIC COIL WINDER & ELECTRICAL EQUIPMENT CO. LTD. 
Winder House, Douglas Street, London, S.W.1. ’Phcme: Victoria 3404-7 

■n- 


ONE INSTRUMENT measures :— 

A.C. and D.C. Current (0 to 10 amps.). 
A.C. and D.C. voltage (0 to 1000 v.). 
Resistance (up to 40 megohms). 

Capacity (0 to 20 mfds.). 

Audio-frequency Power Output (0 to 4 watts). 
Decibels ( — 10 Db. to + 15 Db). 

• Write for fully descriptive leaflet. 


V^ITHIN the convenient compass of 7| X 6| x 4£ ins., 
weighing but six lbs.—an electrical measuring instru¬ 
ment that is used in every up-to-date “shop”—is part of 
every well-equipped laboratory—goes “out on a job” 
when accuracy is essential .... in short, the Model 7 
Universal AvoMeter. With its 46 ranges—so easily selected 
by means of two rotary switches—it quickly provides 
unrivalled test facilities with a degree of accuracy which 
has made it the standard by which other instruments are 
judged. Simple to use, dead beat in action, automatically 
protected against damage through overload, the Model 7 
AvoMeter is robustly built to retain its accuracy under 
the most exacting working conditions. 


46-RANGE UNIVERSAL 


Electrical Measuring Instrument '^ 
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CABLES 


SIEMENS BROTHERS & 


WOOLWICH 


LONDON . S. E .18 


Telephone : WOOLWICH 2020 
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HAVE YOU ANY METER TESTING PROBLEMS? 


We may be able to help you solve them and we can 
certainly help you to obtain the best instrument 
equipment for Meter testing, in accordance with the 
requirements of the Electricity Supply (Meters) 

FI I IOTT- 


ELECTRICITY SUPPLY 
(METERS) ACT, 1936. 

★ 

THE instrument illus- 
1 trated is the Labora¬ 
tory Standard D.C. Volt¬ 
meter (Moving Coil) 
with 12-inch scale, re¬ 
commended for use in 
conjunction with our 
D.C. Potentiometer for 
the periodical testing 
of Sub-standard Watt¬ 
meters, Vide Supplemen¬ 
tary Notes, paragraph 9. 
Accuracy : 0.1 per cent, 
of maximum scale read¬ 
ing. Diagonally divided 
scale. 


Write for Catalogue 
ELLIOTT BROTHERS 
(LONDON) LIMITED 
CENTURY WORKS, 
LEWISHAM, S.E.13 
ESTABLISHED-1800 



FANS 

... and . 

auxiliary equipment 


for 


Ventilating Buildings, Ships and Mines; 
providing Mechanical Draught on 
Boilers; blowing Forges, Furnaces and 
Cupolas; exhausting Metal Dust and 
Wood Refuse; removing Fumes, Smoke 
and Steam; Drying; Warming; Cooling; 
Refrigerating; Conveying; Cold Air 
Douche; Gas Boosting, etc. 


Auxiliary Equipment: AIR HEATERS, FILTERS 
WASHERS; DUCTWORK; HOODS; DUST SETTLERS; etc! 



A large double-inlet Keith Centrifugal Fan photographed at 
* our Works before despatch. 


KEITH BLACKMAN LTD. 

Head Office: 

27 FARRINGDON AVENUE, LONDON, E.C.4 

Telephones: Central 7091 (9 lines) 
Telegrams: "James Keith, Phone, London." 
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SERVICE 


:rl5xd relay 

URSl ll«lt LIMIT 
TYP£ Lc 

5576 V> 
3 V LOAD- 5»»»l 
' nAflO-500-i 


“IDEAL” PROTECTIVE RELAYS 

for all systems of protection 

N.C.S. (Nalder-Lipman Pat.) Protective Relays for 
Alternators, Transformers, Switchgear, Ringmains, 
Feeders, etc., are independent of temperature 
variations, provide for a wide range of independent 
current and time settings, and are specially suit¬ 
able for time grading without the use of pilots. 


'Phone : CUSSOL 0 2365 {3 lines), 
‘Groms: OCCLUDE, HACK, LONDON 


DALSTON LANE WORKS, 
LONDON, E.0. 


SECURITY & 
STRENGTH 


When you are considering meter locks, 
remember two things . . . firstly that the 
lever type of lock is recognised as the safest 
type made and is in use on the majority of 
safes; secondly that the M & M Patent Meter 
Lock is the finest of its type on the market. 
Years of safe service go with every M & M 
lock sold . . . reducing the cost-per-year 
figure to the absolute minimum . . . making 
it the most economical proposition for every 
type of meter. 

Send to-day for particulars and a 
skeletonised lock. 

H. MITCHELL & CO. LTD. 

3 & 5, Leighton Road, London, N.W.5 


(Regd. Trade-Mark) 

REGULATING 

RESISTANCES 

FOR 

BACK-OF-PANEL 

MOUNTING 


All mechanical parts en¬ 
tirely insulated. 

Simple construction. 

Easy to fix. 

Durable and Reliable in 
operation. 

Single and Double Tubular 
Types in various sizes. 

Ample rating;. 


INSIST ON 

ZENITH PRODUCTS 

—it will pay you. 


CATALOGUE OF ALL TYPES 
POST FREE 


THE ZENITH ELECTRIC CO. LTD. 

Sole Makers of the well-known "Zenith” Electrical Products 
Contractors to the Admiralty. War OSice, Air Ministry, G.P.O., L.C.C., etc. 
ZENITH WORKS, VILLIERS RD., WILLESDEN GREEN, LONDON, N.W.2 


Carew Wilson 
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PTIONAL C 


FERRANTI LTD 


This new Ferranti 
Optional Coin Meter 
accepts shillings and 
pence with discrimination. 
Wrong coins are rejected 
automatically. 

(No button "B”) 

Operation by one push of the button, 






























LOCAL CENTRES AND 

NORTH-WESTERN CENTRE. 

Chairman. —J. W. Thomas. B.Sc .Tech. 

Hon. Secretary. —L. II. A. Carr, M.Sc.Tech.. " Oaldeigh,” 
Cambridge Road, Hale, Altrincham, Cheshire. 

SCOTTISH CENTRE. 

Chairman .— Major H. Bki.l, O.B.E., T.D. 

Hon. Secretary. — R, B. Mitchell, 154, West George Street 
Glasgow, C.2. 

Hon. Assist. Secretary. —H. V. ITknniker, 172, Craigleith 
Road, Edinburgh. 


Dundee Sub-Centre. 

Chainnan .— A. Grant. 

Hon. Secretary. — P. Philip, e/o Electricity 
Dudhopo Crescent Road, Dundee. 


Supply Dept., 


SOUTH MIDLAND CENTRE. 

Chairman .— H. Hooper. 

Hon. Secretary.—II, II. Rawll, (15, New Street, Birmingham. 

East Midland Sub-Centre. 

Chairman.—D, H. Parry, B.Sc. 

Hon. Secretary.—j. F. Driver, Brighton House, Herrick 
Road, Loughborough. 


SUB-CENTRES— Continued. 

WESTERN CENTRE. 

Chairman. — H. G. Weaver. 

//0W Bristof7‘~ H ' R ' Beasant ’ 77 > 0Id Market Street, 

Devon and Cornwall Sub-Centre. 

Chairman .— H. Midgley, M.Sc 

Hon. Secretary.- W. A Gallon, B.Sc., c/o City Electrical 
Lngineei s Oliice, Armada Street, Plymouth. 

West Wales (Swansea) Sub-Centre. 

Chairman .— E. F. Cope, 

ll0n 'S\vlZ C e“ ty '~ R ' RlCHARDS ’ 7S - Glanbrydan Avenue, 


Hampshire Sub-Centre (directly under the Council). 
(.hainnan .— W. F. Rawlinson D Sc 
Hon. friary A G. Hiscock, 'c/o City.of Portsmouth 
Hants 1 7 Un Crtaking ’ 11 ’• High Strect ’ Portsmouth, 

Northern Ireland Sub-Centre (directly under the Council). 
Chairman .—F. IT. Whysall. 

Hon. Secretary. J. McCandless, M.Sc., Burn Brae, Strand- 
lord Avenue, Belfast. 


INFORMAL MEETINGS. 

Chairman of Committee. —J. F. Shipley. 

METER AND INSTRUMENT SECTION. 

Chairman .— IT. Cojiden Turner. 


TRANSMISSION SECTION. 

Chairman. —J. L, Eve. 

WIRELESS SECTION. 

Chairman .— T. Wadsworth, M.Sc. 


AUSTRALIA. 

New South Wales. 

Chairman .— V. L. Molloy. 

Hon. Secretary.—- W. j. McCaluon, M.C., c/o lilcctrical 
Engineers Branch, Dept, of Public Works, Sydney. 

Queensland. 

Chairman and Hon. Secretary.—]. S. Tust, c/o P.O. Box 
10G7n, G.P.O., Brisbane. 

South Australia. 

Chairman and Hon. Secretary.—V. W. IT. Whkadon, Kelvin 
Building, North Terrace, Adelaide, 

Victoria and Tasmania. 

Chairman and Hon. Secretary .— H. R. Harper, 22-22, 
William Street, Melbourne. 


Western Australia. 

Chairman. —J. R. W. Gardam. 

Hon. Secretary.— A. E. Lambert, B.E., 25, The Esplanade, 
South Perth. 

CEYLON. 

Chairman .— Major C. II. Brazel, M.C, 

Hon.^ Secretary. —D. P. Bennett, c/o Messrs. Walker 
Sons & Co., Ltd., Colombo. 


OVERSEAS COMMITTEES. 

INDIA. 

Bombay. 

Chairman .— R. G. High am. 

Hon. Secretary.— A. L. Guilford, B.Sc.Tech., Electric House, 
Post Port, Bombay. 

Calcutta. 

Chairman .— F, T. Homan. 

Hon . Secretary. D. H. P. Henderson, c/o Calcutta Electric 
Supply Corporation, Post Box 204, Calcutta. 

Lahore. 

Chairman. — Prof. T. IT. Matthewman. 

Hon Secretary.—]. C. Brown, c/o Associated Electrical 
Industries (India) Ltd., P.O. Box 140, Lahore. 

Madras. 

Chairman and Hon. Secretary .— E. J. B. Greenwood Elec¬ 
tricity Dept., P.W.D. Offices, Chepauk, Madras. 


NEW ZEALAND. 

Chairman .—F. T. M. Kissel, B.Sc. 

Hon. Secretary. —J. McDermott, P.O. Box 749 Welling¬ 
ton, C.l. ° 

SOUTH AFRICA. 

Transvaal. 

Chairman and Hon. Secretary.—W. Elsdon Dew, Box 4503 
Johannesburg. 


LOCAL HONORARY SECRETARIES ABROAD. 


ARGENTINE: R. G. Parrott, Tuciunan 117, Buenos 
Aires. 

CANADA: F. A. Gaby, D.Sc., Vice-President, The British 
American Oil Co., Ltd., 14th Floor, Royal Bank Building, 
Toronto, Ontario. 

CAPE, NATAL, AND RHODESIA: G. IT. Swingler, City Elec¬ 
trical Engineer, Corporation Electricity Dept., Cape Town. 

FRANCE: P. M. J. Ailleret, 20, Rue Hamel in, Paris 
(I6«). 

HOLLAND: A. E. R. Collette, Heemskerckstraat, 20, 
The Hague. 

INDIA: K. G. Sillak, c/o Calcutta Electric Supply Corpora¬ 
tion, Post Box 204, Calcutta. 

ITALY: L. Emanueli, Via Fabio Filzi, 21, Milan. 

JAPAN: I. Nakahaka, No. 40, Ichigaya Tanimachi 
Ushigomeku, Tokio. 
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NEW SOUTH WALES: V. J. F. Brain, B.E., Chief Electrical 
Engineer, Department of Public Works, Bridge Street 
Sydney. ' 

NEW ZEALAND: J. McDermott, P.O, Box 749, Welling¬ 
ton, C.L 

QUEENSLAND: J. S. Just, c/o P.O. Box 10G7n, G.P.O., 
Brisbane. 

SOUTH AUSTRALIA: F. W. H. Wheadon, Kelvin Building, 
North Terrace, Adelaide. 

TRANSVAAL: W. Elsdon Dew, Box 4563, Johannesburg. 

UNITED STATES OF AMERICA: Gano Dunn, c/o The 
J. G. White Engineering Corporation, 80, Broad Street, 
New York, N.Y. 

VICTORIA AND TASMANIA: IT. R. Harper, 22-32, William 
Street, Melbourne. 

WESTERN AUSTRALIA: Prof. P. IT. Fraenicel, B.E., 
The University of Western Australia, Crawley, Pei-th. 



STUDENTS’ SECTIONS. 

LONDON MERSEY AND NORTH WALES (LIVERPOOL). 

'Vihairman P H Pettifor Chairman. —T. E. A. Verity, B.Sc.Tech. . 

iMn' S cretarv -A H Young, “ Park View,’ 1 Alton Hon. Secretary W. H. Penley B.Eng., Laboratories 
Roehampton, S.W.15. of Applied Electricity, The University, Liverpool, 3. 

north-western. south midland. 

—R. Noonan. , . Chairman. —J..E. Woollaston. , 

Ho-C Secretary.—R. M. A. Smith, Meter Engineering Hm Secretary.—B. S. Copson, 88, Reservoir Road, 
Dept., Metropolitan-Vickers Electrical Co., Ltd., Olton, Birmingham. 

'" Trafford Park, Manchester, 17. 


SCOTTISH. 


NORTH MIDLAND. 

Chairman. —A. H. Marsh. 


"■Chairman^ J : Brown. __ r . „ ST Secretary-C. H. Warne, 6, Parkfield Road, 

sauft&y.-r- G. IT. WIRE, c/o Mrs. Cornue, 8, Yorkshire. 

• TownheadjTerrace, Paisley. F y 

NORTH-EASTERN. SHEFFIELD. 

Urtice Chairman— H. A. Wainwrigiit,-B.E ng 

‘id. StcrtSrf:- j. A. Stanfield, 44, Shipley Avenue, *■ Mead °'" H “ d A ”"”- 


htilvaiiL Newcastle-on-Tyne. 


Woodseats, Sheffield, 8. 


BRISTOL. 

Chairman. —W, H. Small. 

Hon Secretary. _J. W. Dorrinton, Electricity Station, St. Andrews Road, Avonmouth, Bristol. 


THE l.E.E. BENEVOLENT FUND, 

There are many members and former members of The 
Institution who are finding life difficult. Please help 
them by sending an annual subscription or a donation 
to the l.E.E. Benevolent Fund. 

The object of the Fund is: “To afford assistance to 
necessitous members and former members (of any class) 
of The Institution of Electrical Engineers who have paid 
their subscription for at least five years consecutively or 
compounded therefor, and to the dependants of such 
members or former members . 55 

Subscriptions and Donations should be addressed to 
THE HONORARY SECRETARY, THE BENEVOLENT FUND, 
THE INSTITUTION OF ELECTRICAL ENGINEERS, 
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